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stability of the Tp air, most of the activity will be limited to the polar 
air. 

(3) Ceilings and visibilities along the front will be low, ranging 
from 1,000 to 500 feet and 1 to 3 miles. These conditions improve 
rapidly with the passage of the front. 

(4) Considerable txu'bulence will be found in the imstable Pp air 
behind the cold front. 

(5) Clear ice is foimd along the front and in Pp air along higher 
mountain ranges. 

e. The polar air which is trapped by the mountains is cooled by the 
surface and will be colder than the more recent maritime air. This 
fresh Polar Pacific air will therefore be forced aloft in most cases and 
will proceed eastward as an upper cold front. This type front yields 
larger quantities of precipitation and makes flying conditions in the 
Rockies very hazardous. 

/. Occasionally, during the winter, an intense low pressure center 
will develop in the Great Basin. The deepening cyclone will draw 
Tp air into the Rocky Moxmtains. Usually the air at the surface is 
Polar Pacific, but sometimes Pc air occupies that region. The Tp 
air is forced aloft, overrunning the polar air and causing heavy precipi- 
tation over the entire area. Flying conditions will be extremely 
hazardous. Ceilings and visibilities will often be below the minimum 
for contact flying. 

82. Polar Pacific— Returning Polar Pacific (Pp-RPp).— A 
majority of the fronts foxmd along the west coast are those fronts 
separating a Polar Pacific air mass from a Returning Polar Pacific air 
mass. This is especially true in the more northerly latitudes. Any 
tropical air involved in the system will have been forced aloft by the 
time the front reaches the west coast. Properties of an air mass 
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having 4 or 5 days over the more southerly latitudes will be different 
from properties of an air mass with 1 or 2 days over the North Pacific. 

a. Frontogenesis occurs in the western and central Pacific, Fron- 
tolysis occurs along the west coast. 

b. The Pp-RPp front forms on the west and northwest edge of the 
Pacific anticyclone. The axis of the front will depend on the position 
of the axis of the High, but is usually southwest to northeast in the 
central Pacific, becoming west to east along the coast. 

c. RPp air is modified by movement over southerly latitudes and is 
similar in many respects to Tp air. Therefore, the weather expected 



with Pp-RPp warm and cold fronts will be like that found in con- 
junction with Pp-Tp fronts with the following exceptions: 

(1) There is less moisture in RPp air, therefore less precipitation and 
less activity. 

(2) RPp air is less stable, therefore showers and more turbulence. 

(3) RPp is colder, therefore more danger of icing. 

(4) Ceilings will be higher, as an average, but remaining very low 
in precipitation. 

83. Tropical Continental— Tropical Gulf (Tc-Tg) in sum- 
mer. — a. The Tropical Continental air mass originates in the South- 
western United States, is dry and hot, and exists as an air mass only 
in summer. Frequently it moves eastward and encounters Tropical 
Gulf air. Very little weather is associated with this front. Clear 
skies with unlimited ceilings and visibilities prevail. Occasionally the 
convergent flow along the frontal zone will be sufficient to produce a 
few scattered thunderstorms. 




NC 



sw 



Figure 118. — Pp cold front moving aloft as an upper front over western mountain ranges. 
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6. With a semistationary To — Tc warm front in west Texas, south- 
westerly winds aloft in central Texas will cause frequent thunder- 
storms along the front* A majority of the thunderstorms will occur 
on the Avindward side of the higher mountain peaks. However, 
thunderstorms of suflBcient intensity do develop sufficiently to cause 
poor flying conditions in limited areas. Generally, cancellation of 
flights will not be necessary. 



84* General. — Dry fronts are those fronts which separate the 
drier or continental air masses. The principal dry fronts are as 
foDows: 



These fronts are of less importance to the pilot than the moist fronts 
and in most cases provide few hazards to flying. However, hazardous 
conditions do arise, as discussed in paragraphs 85, 86, and 87. 

86. Polar Continental — ^Polar Pacific (Pc-Pp) in winter. — Due 
to the source regions and trajectory of the Polar Continental and 
Polar Pacific air masses, if these two air masses should approach each 
other, a front wiU develop. This front will be either warm or cold, 
depending on which air mass is the active one. The intensity of the 
activity in the frontal zone depends upon those properties of the air 
masses discussed in sections VII and VIII. 

a. The descending westerly current of Pp air and the easterly or 
southeasterly current of Pc air converge along the eastern slope of 
the Rockies forming an area of frontogenesis. 

6. The Pc-Pp front usually extends in a north-south direction and 
is found east of the Rockies most of the time. 

c. In the Pc-Pp warm front, with a deep mass of Pc air occupying 
the Middle Westr- 

(1) The westerly current of moist Pp air will overrun. 

(2) The cloud forms will be of the warm front type. 

(3) A geaaeral blizzard condition will exist with heavy snow. 
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(4) Ceiling will be very low, usually less than 500 feet. The visi- 
bilities in frontal zones will be usually less than 3 miles and zero in 
precipitation. 

(5) Icing conditions exist with rime ice being found in the Pc air 
and clear ice being found in the Pp air. 

d. With Polar Pacific air occupying the Middle West, a Polar Con- 
tinental air moves southward with the more dense Pc air displacing 
the Pp air as a cold front. The Pp air is usually so stable and dry 
that little activity results. 

(1) The cloud system associated with the front is not extensive and 
is usually found in the Pc air. 

(2) Precipitation is in the form of light snow flurries. 

(3) Ceilings are 800 to 1,000 feet, dropping to less than 500 in snow. 
Visibilities will be greater than 3 nwles except becoming zero in snow 
flurries. 

(4) Turbulence will be encountered only with excessive wind 
velocities. 

(5) Icing will be of a rime character with a slight possibiUty of 
clear ice formation in turbulent air. 

86. Polar Continental — ^Polar Basin (Pc-Pb) in winter. — At 

infrequent intervals during the winter, the Great Basin anticyclone 
moves eastward, and as it descends the eastern slopes of the Rockies, 
it frequently comes into contact with Polar Continental air. As in 
the case of descending Pp air, the ''foehn'^ effect or adiabatic heating 
results in the formation of a warm front. 

a. The area of frontogenesis or development of the front is along the 
east slope of the Rockies. 

h. The axis extends in a N-S direction. 

c. The situation develops very rapidly with a deepening of the 
associated cyclone. 

d. The Pc-Pb warm fronts have very little weather connected 
with them. 

(1) The clouds are usually the high type, with cirrus or altostratus 
predominating. 

(2) Precipitation will not ordinarily be found with this front. 

(3) Ceilings and visibilities will remain very good. 

6. Pc-Pb cold fronts are of little importance except where dust 
storms and turbulence occur. The dust storms occur in the same 
manner as those associated with Pp cold fronts. 

87. Tropical Continental— Polar Continental (Tc-Pc).— The 
Tc-Pc front or Tc-Pp fronts are seldom marked by any weather at all. 
These fronts are very weak and are usually characterized by a few 
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altocumulus and no precipitation. Moderate turbulence will be en- 
countered, especially in the lower levels in the afternoon. These 
fronts occur only in summer. 



88- Necessity for weather training. — a. The ultimate goal of the 
Air Corps Weather Service is to train Air Corps pilots and forecasters 
so that they will be able to make accurate flying forecasts. The fore- 
casters reaHze this well enough but there is a tendency on the part of 
pilots to fail to supplement what they learn from a forecaster with 
what they hear and what only they are in a position to see regarding 
the weather while they are in flight. Commanders of aircraft cannot 
evade the responsibihty of making decisions in regard to the weather. 

6. The material in this manual is presented from a dual standpoint; 
that of the commander of aircraft and that of the forecaster. The 
single aim is to aid the pilot in the eflBcient performance of his mission. 
To accomplish this prime purpose of all military flying in both peace 
and war, the weather must be considered. Modern weather analysis 
has opened avenues of approach to what has previously often been 
an unpredictable and imfathomable phenomenon — the weather. The 
pilot should be trained so that he will have reasonable confidence in 
his own decisions and in the information given him by the forecaster. 
It is beUeved that this may be accompHshed by teaching him the basic 
principles of air-mass analysis together with some of the more detailed 
technique used by the forecaster. 

c. All pilots should be able to read a weather map intelligently. It 
displays a tremendous amoimt of information in a pictorial manner, 
and ^ brief survey of it, guided by a forecaster, will reveal in a few 
moments what it would take hours to describe accurately. Weather, 
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like all other subjects, has a language of its own and unless the pilot 
understands this language, which is rapidly being assumed by the fore- 
casters, he will not have the proper background for any decisions he 
may be required to make. 

d. There are many other reasons why all Air Corps officers should 
have as thorough a knowledge of the weather as it is possible for them 
to attain. The most personal is that it is one of the best forms of life 
insiu'ance a pilot can possess. It is a curious fact that in spite of the 
advances in flying training, equipment, aids, and weather knowledge, 
the death rate in the Air Corps has remained almost constant for a 
period of years. Types of weather are being safely flown through now 
that it would have been impossible to negotiate a few years ago, but 
it will always remain a hazard that will be pushed closer and closer to 
the limit in order to fulfill the purpose of all military training — success 
in battle. 

e. The subject of the use of weather as a tactical aid is just beginning 
to be recognized. It is of paramount importance and will only be 
outlined here. It has recently been introduced at the Air Corps 
Tactical School and is gradually being considered at the higher 
military schools of this coimtry. 

/. Air Corps policy prescribes that weather officers will remain in the 
weather service for a period of 4 years. This means that they will be 
learning how to predict the weather during a large portion of their tour 
of duty as weather officers, and even at the end of 4 years they will be 
far from infallible. One of the world's most renowned and expert 
forecasters says, "In order to be able to forecast the weather with 
reasonable accuracy, it is necessary to have a thorough Imowledge of 
the physics of the atmosphere, several years' experience in general 
forecasting, and also a thorough knowledge of the numerous local 
influences due to terrain." It is doubtful if anyone has ever seen 
any two weather situations that were exactly alike. 

g. The vast majority of forecasters in the weather service are en- 
listed men. Their term of enlistment is for 3 years. Great effort is 
being made to retain them in the service, but they are being lost 
continually to other agencies. They do not have the theoretical and 
practical background that the weather officers have. Their flying 
experience is limited, and flying experience is essential to a forecaster 
making flying forecasts. Many landing fields used by the Air Corps 
do not now and never will have a forecasting service. 

h. One prime reason why forecasts will never be perfect is that no 
one will ever know the exact state of the atmosphere; the problem is 
too great, complex, and changes too rapidly. The meager upper-air 
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and surface data are not sufl&cient to complete the picture; for ex- 
ample, no soundings are made between Salt Lake City and El Paso, 
a distance of over 600 miles. It cannot be repeated too often that the 
pilot's position in this respect is unique in many ways. The position 
of the forecaster might be compared to that of a doctor; an expert 
diagnostician is rare because the required information is often hidden 
within the human body. 

89. Porecasting procedure. — a. There are three main steps for 
the pilot to follow in arriving at a decision : 

(1) Get and keep in mind a complete picture of the current weather 
situation. 

(2) Move this picture forward in space and time to cover the time 
and route of flight. 

(3) Consider the changes that will occur diuing the time in the air. 
6. The forecaster should follow the same procedure as in a above 

only in a more detailed manner. The three basic elements in the 
preparation of a forecast are as follows: 

(1) Physical analysis. — This requires a knowledge of all of the 
thermodynamical characteristics of the various air masses and use of 
this knowledge to explain the existing weather. Construction of the 
weather map, supplemented by teletype, pilot, and radio weather 
reports, and local observation are the means used to obtain a complete 
understanding of the current weather. 

(2) ExtrapoUUion. — This is the projecting forward in time and 
space of the existing activities in the atmosphere. It is best done by 
kinematic methods which take into consideration the direction and 
velocity of the wind, the movement of pressure systems, convergence, 
divergence, vertical velocities, curl, and movement of fronts. 

(3) Physical changes occurring during the forecast period. — This 
involves frontogenesis, frontolysis, time of day, season, terrain, and 
other factors which affect the properties of air masses and the activity 
of fronts. This is perhaps the most difficult element of a forecast to 
give proper consideration. 

90. Phjrsical analysis. — a. The pilot gets his picture of the current 
weather from the forecaster, a study of the weather map, teletype and 
radio weather reports, and from what he sees. At times when no 
forecaster is available, he must make his own analysis from available 
data. It is possible at any one place to draw a weather map of a 
comparatively large area from broadcast weather reports. Some 
pilots carry portable radio receivers which may be used for this pur- 
pose. At the smaller Air Corps weather stations, a weather map 
may be available although no forecaster or only a student forecaster 
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is on duty. The same situation may be true at some Weather Bureau 
stations at civihan airports. 

6. Air Corps weather maps are drawn by weather officers, enUsted 
forecasters, and enUsted student forecasters. One of these maps is 
drawn every 6 hours at base weather stations and at less frequent 
intervals at the smaller stations. Weather maps are drawn with a 
series /of previous maps displayed before the forecaster. A satis- 
factory weather map can only be drawn when the forecaster has a 
knowledge of previous weather. Probably 50 percent of the value of 
a forecast depends upon whether there has been a correct determina- 
tion of the life history of the air masses and the movement of fronts 
and centers. The construction of a weather map may be divided 
roughly into the following steps: 

(1) Plot reported weather data. 

(2) Study the past weather and extrapolate it forward to the time 
of the current map. 

(3) Sketch in the positions of the fronts on the map being drawn. 
This may be done directly or by first lightly drawing isobars, one for 
each third millibar, in the frontal zones. The location of fronts is 
often difficult and should be done with great care using all the avail- 
able criteria, such as history, pressure distribution, cloud systems, and 
winds. The simple rule that a front must lie in a pressure trough 
combines the two important factors of reliability and ready use. 

(4) Using the principles described under ''Isobaric analysis" in the 
appendix, draw the isobars as heavy lines with a soft pencil. They 
should fit the winds and reported pressures, the allowable error usually 
being about 0.8 millibar. Indicate the value of each isobar at the 
point where it leaves the map, also the value of center isobars. 

(5) Color the fronts, precipitation areas, past positions of fronts 
and centers, and label the air masses, centers, and aviation hazards 
such as thunderstorms, dust, and fog. 

(6) Sketch in the isallobars which show the changes that will take 
place in the pressure field. 

(7) Indicate the direction of motion of centers and determine the 
movements of fronts and centers during the forecast interval. It is 
desirable to indicate the future positions of fronts. Drawing the 
future map is an excellent aid to forecasting that is now being used in 
some places. 

91. Movements of weather. — a. When the current weather has 
been analyzed, the next step is to extrapolate forward in space and 
time. If the forecast interval is short (3 to 6 hours), it is often possible 
to use the past history to determine the amount of motion that will 



X76 





Original from 
UNIVERSITY Of CALIFORNIA 



WEATHKR MANUAL FOR PILOTS 



TM 1-230 
91-02 



take place. For a longer-range forecast, extrapolation from past 
history alone is a great aid but should be supplemented by determi- 
nations of velocities and accelerations made from the current weather 
map. The intensity of weather systems varies with time, and changes 
in intensity cannot always be obtained by simple extrapolation. 

6. Petterssen has developed rules, based upon various relations of 
the field of pressure, which offer the best solution to the problem of 
determining future movements, accelerations, and the changes in 
intensity of the pressure systems. Due to the close relation between 
air currents and pressure distribution, it is advantageous to study the 
movements of the pressure systems instead of the air particles or air 
masses themselves. For example, when we have determined the 
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Figure 119.— Movement of an isobar. 



movement of a cyclone and the fronts associated with it, we will also 
know the large-scale movement of the air masses. It is also useful 
to find out the movement of centers of high pressure (anticyclones). 
He has expressed these rules in terms of pressure only, because 
atmospheric pressure is the only element for which no question of 
representativeness arises. These rules were developed through the 
use of rigorous mathematics, chiefly the calculus and differential 
equations. They are used in the Air Corps Weather Service and 
throughout the world wherever weather forecasting is done. 

92. Movement of isobars. — a. Before discussing the movements 
of pressure centers or fronts, the movements of isobars will be exam- 
ined because they are the basic element of these systems as portrayed 
on the weather map. Assume that the isobars are distributed as 
shown in figiu'e 119 and that it is desired to calculate their displace- 
ment during the forecast interval. 

6. The variations, or the changes in the pressure distribution from 
one chart to another, depend upon the barometric tendencies. Having 
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the pressure tendency at the point Aon the 1002 isobar,it8 displacement 
along an axis perpendicular to the isobar can readily be determined. 
Since the tendency at A is —1.5, the pressure at A was 1003.5 3 hours 
ago. Since the pressure at A has dropped 1.5 during the last 3 hours, 
the 1002 isobar will be displaced toward isobars representing h^her 
pressure. Such a movement must take place, for with the same drop 
in pressiure during the next 3 hours^ the barometer at A would read 
1000.5. Assimiing the same drop would occur all along the 1002 
isobar, it would be moved to a point half-way between its present 
position and the present position of the 1005 isobar. This example 
serves to illustrate the following rule: The normal velocity of an 
isobar is equal to minus the local pressure tendency multipled by the 
distance between neighboring isobars. In order to use this equation 
correctly, the following facts must be considered: first, pressure 
tendencies are given in tenths of a millibar while tmit isobars are drawn 
for every 3 millibars; second, the normal period for measuring pres- 
sure tendencies is 3 hom^ so that velocities derived from this formula 
will be expressed in terms of this unit and whatever imit is used to 
measiu-e the distance between isobars. Finally, falling tendencies 
will give positive velocities or movement toward higher valued iso- 
bars, and rising tendencies will give negative velocities or movement 
toward lower valued isobars. The velocities calculated are always 
directed along an axis perpendicular to the isobars. 

c. The above analysis gives the instantaneous velocity of the isobar 
under consideration. Consequently, to obtain accurate results, the 
pressure tendency must remain constant during the forecast interval. 
These ideal conditions rarely exist for extended periods of time with 
the result that forecasts for longer than 24 hours usually become inac- 
curate in detail because of acceleration. Complex formulae do exist 
for calculating the acceleration of an isobar and pressure systems. 
However, since accelerations are usually small during^24-hour periods, 
such formulae are omitted. 

d. Calculation of the movement of isobars is very helpful in fore- 
casting wind velocity and direction. Figure 120 taken from Petter- 
ssen's paper, ''The Kinematical and Dynamical Properties of the Field 
of Pressure with Application to Weather Forecasting," shows the 
accuracy with which a forecast of wind direction and velocity may be 
made by use of the formula for the velocity of an isobar. He says, 
''The first map in figure 120 gives the pressiure distribution and wind 
observations over west Norway on the 12th of January, 1932, at 1900. 
The second map gives the observed pressure distribution and the 
observed winds 18 hours later, and the third map gives the pressure 



178 





Original from 
UNIVERSITY Of CALIFORNIA 



WEATHER MANUAL FOR PILOTS 



TM 1-230 
92-93 



distribution calculated 18 hours ahead. It is seen that the pressure 
gradient agrees well with the calculations and that a wind forecast, 
based on the calculations of the future pressure distribution, would 
have given the observed wind velocities. The actual forecast for the 
13th was SSE. 9 to 10 Beaufort. The forecast was founded on cal- 
culations." 

93. Movement of pressure centers, troughs, and wedges. — a. 

The motion of a pressure center (low or high) along any chosen axis 
may be obtained from the following equation by simple arithmetic: 



where and are the tendency and pressure, respectively, at a 
convenient unit's length ahead of the center (usually about 300 miles) 



along the axis, and p^^ are the same quantities at a similar distance 
in rear of the center and p is the pressure at the center. The result 
will be the movement in terms of the imit length chosen for a 3-hour 
period. To obtain the amount of movement in the selected direction 
for longer periods, multiply by the appropriate number; for example, 
to get a 24-hour movement, multiply by 8. This formula neglects 
accelerations but is usually reasonably accurate for 24-hour displace- 
ments. If the axis has been chosen in the direction of motion, the 
initial result will give the total movement of the center; if not, it will 
give the component along that axis. In the latter case it is necessary 
to calculate the motion along some other arbitrarily chosen axis, then 
construct perpendiculars to the two axes at the ends of the compo- 
nents for time period selected. The intersection of these perpendi- 
culars gives the point that the center will reach at the end of the fore- 



2(2>-:p0 + (p-2>") 




Figure 120.— Comparison of actual and calculated movement of isobars. 
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cast interval. The two restrictions on the use of this formula are 
that the unit length should be as long as possible with a fairly uniform 
pressure gradient along it, and that the axes cannot cross a front. 
This latter restriction sometimes makes computations difficult with 
cyclones. 




Figure 121.— Use of center formula. 



3 hr. displacement along x axis=-^ (1024.5-10^167) -fl024.5-- 1019.7) 
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12 hr. displacement = 4 ="2^ of unit length (to point A) 
3 hr. displacement along y axis = | ^^24.5- 1019^57-tlok5- 1017.5) 
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.6 



1 



2 5.0+7.0 12.0 20 



12 hr. displacement = 4 20 "^"5^^ ^^^^ length (to point B) 



b. In figure 121, perpendiculars were erected at A and B which 
intersect at (7, the position of the center at the end of 12 hours; the 
movement was doubled and the new position Dy at the end of 24 hours, 
was obtained. This formula may be used to calculate the movement 
of pressure troughs and wedges. The axis is drawn perpendicular to 
the long axis of the trough or wedge and the movement is calculated 
in axial direction only. 
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c. The above formula and other considerations have led to the 
following rules concerning the movement of pressure centers: 

(1) Cyclonic centers move in the direction of the warm sector 
isobars. This is the simplest and most easily applied rule with the 
accuracy that it gives and consequently is used constantly. (See 
fig. 122.) 

(2) Very oblong centers move along the longest symmetry axis, 
(See fig. 122.) 

(3) Cyclonic centers move in the direction of the isallobaric gradi- 
ent. (See fig. 122.) 

(4) Anticyclonic centers move in the direction of the isallobaric 
ascendant. (See fig. 121.) 

(5) Pressure centers whose profiles are steep move slowly. Young 
cyclones rarely have steep pressure profiles and therefore move 



more rapidly than older cyclones. Deep cyclones sometimes recurve 
because of the steep pressure gradient they cause ahead of themselves. 
(See fig. 123.) 

d. The following examples in figiu*e 124 showing the calculated and 
actual movement of eight pressure centers have been taken from 
Petterssen's paper: 

^Tull lines observed paths. Broken lines paths computed from 
the writer^s formulae. Dotted lines paths computed by means of 
Angervo's formulae. All paths are calculated 24 hom-s ahead and 
the positions corresponding to the intermediate weather charts are 
indicated. 

^'It is seen from the maps that the agreement between the com- 
puted and the observed paths on the whole is good. No. 1 exhibits a 
considerable discrepancy which was caused by the approach of a 
secondary perturbation. In view of the fact that it is not always 
easy to locate the position of a pressure center with larger accuracy 
than 50 to 100 kilometers, the discrepancies in the above example are 
insignificant. 




Figure 122. — Movement of a cyclone. 
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"It is seen from the above examples that the accuracy obtained is 
as large for quickly running centers as for slowly moving ones.'' 

94. Movement of fronts. — a. The displacement of fronts may be 
obtained from the following formula: 

Tb 

Displacement of front = 7 m—? tk 

where Ta is the tendency immediately ahead of the front and Tb is 
the tendency immediately behind the front. In figure 125 the isallo- 
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© "Flat" center, may move rapidly. (5) Steep profile, will move slowly. 

FlOUKE 123. 

bars behind the front have been extrapolated up to the front from the 
previous 3-hour position of the front. 

b. From the front formula it is seen that the velocity of a front is 
directly proportional to the tendency differential across the front and 
inversely proportional to the steepness of the pressure profile. 
Rapidly moving fronts have flat pressure profiles with tendency dif- 
ferentials of some magnitude while slowly moving fronts have steep 
pressure profiles. 



The calculations are — 

,3 hr. movement = 



■1.8- ( + 2.7) 



(4.0- 14.0) + (4.0 



6:0) =il 



,4.5 



24 hr. movement= 8X^=3 units 



c. Cold fronts move with a velocity of 80 to 100 percent of arm 
geostrophic wind behind and perpendicular to the front, and wom- 
fronts move with a velocity of 60 to 80 percent of the similar Qom- 
ponent. 
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Petterssen gives the following example in figure 126: 
''A front which on the 12th of March 1932 at 8 M. E. T. had passed 
the west coast of Norway. The same morning there was no pressure 
gradient over the Baltic. The wind everywhere was slight. The 




Figure 124.— Calculated and actual movement of pressure centers. 

velocity of the front was calculated for two points indicated by arrows 
on the chart. The displacement was computed to 19 M, E. T. (the 
broken line). The agreement was perfect. 

*'In order to see what winds were likely to occur over the Baltic 
area, the velocity of the isobars was calculated. (Accelerations were 




FiGUKK 126.— Movement of a front. 

not obtainable.) The computed isobars at 19 h. are given on the map 
and the winds observed at 19 h. are plotted.'^ 

95. Deepening and filling. — a. By the '^deepening'* of a pressure 
center, trough, or wedge is meant a decrease in this value of the pres- 
sure in the center, trough, or wedge. ''Prilling" means the reverse 

183 



Digili: 



Google 



Original from 
UNIVERSITY OF CALIFORNIA 



TM 1-230 
95-96 



WEATHER MANUAL FOR PILOTS 



process is taking place. A ''wedge line" or "trough line'' is the line 
perpendicular to the isobars in a trough or wedge, and it usually is a 
line of symmetry. 

6. Since the pressure in the center of a High or Low is either 
greater or less than the pressures surroxmding it — 

(1) The deepening or filling of a High or Low is proportional to 
the tendency at the center. 

(2) Lows and troughs deepen when the tendencies at the center 
along the trough Hue are negative after the tendency due to movement 




Figure 126— European example. 



has been subtracted. They fill when the tendencies at the center or 
along the trough line are positive after the tendency due to movement 
has been subtracted. 

(3) Highs and wedge's fill (increase) when the tendencies at the 
center or along the wedge line are positive after the tendency due to 
movement has been subtracted. They deepen (decrease) when the 
tendencies at the center are negative after the tendency due to move- 
ment has been subtracted. 

96. Changes of intensity. — The deepening of a center does not 
necessarily mean an increase in the intensity of cii'culation, for the 
deepening may occur over a wide area and cause no change in the 
spacing of the isobars. Since the geostrophic wind is a function of 
the spacing between isobars, changes in intensity are shown by changes 
in this spacing. Practice with the formula for the velocity of an 
isobar will make it possible for the forecaster to readily deterndne by 
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inspection whether the isobars are going to come closer together or 
whether they will spread apart. (See fig. 120.) 

97. Occlusion of waves. — The rate of occlusion may be deter- 
mined from the relative velocities of the cold and warm fronts in a 
wave. The rate of occlusion may also be determined from the follow- 
ing simple rules: 

a. If the warm sector tendency is negative, the cyclone will tend 
to occlude rapidly. 

6. If the warm sector tendency is positive, the cyclone will be 
relatively stable with little or no occlusion. 

98. Deflection of winds. — a. ''Cyclogenesis^' means the forma- 
tion of, or the strengthening of, a cyclone. '^Anticyclogenesis" means 
the formation of, or the strengthening of, an anticyclone. Winds are 
deflected by the formation or strengthening of these systems in accord- 
ance with the following rules: 

(1) The winds are deflected from the isobars in proportion to the 
cyclogenetical intensity. 

(2) The winds are deflected from the isobars in proportion to the 
anticyclogenetical intensity. 

6. It is during the processes of cyclogenesis and anticyclogenesis 
that the weather changes most rapidly over large areas. These factors 
are often difficult to determine but a careful examination of the 
barometric tendencies will reveal them. When the tendencies have 
relatively large values and show a decrease and then an increase along 
a given line, cyclogenesis will take place; if they show an increase and 
then a decrease, anticyclogenesis will take place. 

c. The use of the above equations and rules has contributed in a 
large measure to the remarkable accuracy that is frequently obtained 
in flying forecasts. These methods combined with extrapolation and 
the use of the geostrophic wind will give reasonable accuracy for 
forecasts of the movements of the weather systems. 

99. Changes during forecast interval. — When the approximate 
displacements of the pressure systems, fronts, and air masses have 
been determined, the next step in the preparation of a forecast is to 
determine what physical changes will occur during the period covered 
by the forecast. Some of the significant changes in the weather 
during relatively short periods of time are listed under the chief means 
by which they are effected : 

a. Trajectories of air masses over a warmer or cooler surface. — (1) 
Fog and low stratus over snow and much cooler water or land at night. 

(2) Cumuliform clouds, scattered showers, and thunderstorms over 
warmer surfaces as when going from water to land in smnmer and land 
to water in winter. 
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(3) Gustiness and turbulence over warmer surfaces. 

(4) Development, dissipation, lifting and sinking of icing zones. 

b. Diurnal heating and cooling. — (1) Formation of fog and low 
stratus at night with dissipation in the morning. Fluctuation of 
ceiling and visibility. 

(2) Cumuliform clouds and bumpiness over land during the day 
and stratiform clouds with smooth air at night. The reverse is true 
over the ocean. 

(3) Showers and thunderstorms in the afternoon that may last 
until late at night. 

(4) Lifting of icing zones in the lower levels during the day with 
sinking of them at night. 

c. Local topographic effects {orographic effects). — (1) Strong winds 
and severe turbulence through moimtain passes from rapidly moving 
pressure systems. 

(2) Rain, showers, thunderstorms, stratiform and cumuliform 
clouds, and low ceilings and visibilities due to sudden lifting of damp 
and sometimes conditionally unstable air. 

(3) Local dust storms from strong winds. 

(4) Rapid clearing on leeward side of mountains in strong winds. 

(5) Formation and dissipation of low fog and stratus along shore 
lines. 

(6) Retardation and deformation of fronts by mountains. 

d. Frontogenesis and jrontolysis, — (1) Transition from inactive to 
active fronts in areas of frontogenesis. The exact location of where 
an inactive front will become an active one is often very difficult for 
the forecaster to determine but if the pilot is cognizant of the pos- 
sibilities of the situation, he may readily recognize, understand, and 
evaluate the changes that are taking place along his course. 

(2) Transition from active to inactive fronts in areas of frontolysis. 

e. Rapidity of changes. — (1) The changes due to the trajectories of 
the air masses are usually slight during 3- or 6-hour periods. For 
this reason, it is possible to make flights in the majority of cases of 
like duration and expect to find the weather at the terminal similar to 
the terminal weather at the time of take-off. During a majority of 
the time, the last weather reports received before take-off on* 3- to 
6-hour flights give a very good indication of what the weather will be 
at the time of arrival. The factors that cause rapid changes are 
listed LQ a above. 

(2) The effects listed in b above are due to the seasons and time of 
day. They occur more frequently and usually with more rapidity 
than those listed in a above. 
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(3) Topography may cause rather sudden changes, particularly 
during periods when the maximuin diurnal heating or cooling effects 
are taking place. 

(4) Changes that occur in areas of frontogenesis or when an inactive 
front becomes an active front may cause large transformations during 
the time interval. When a dry front changes to a wet front, it does 
not do it suddenly but over a period of at least a few hours and the 
observant pilot can see the transformation take place. 

100. Summary. — Assuming that the forecaster has made a careful 
physical analysis, the steps given below should be followed in the 
preparation of a flying forecast: 

a. Determination of displacements of pressure systems including 
fronts, highs, lows, troughs, and wedges. 

b. Determination of deepening and filling. 

c. Prediction of formation of new systems; frontogenesis and new 
waves. 

d. Readjustment of displacement of fronts and centers after 
considering deepening, filling, frontc^enesis, and formation of new 
waves. 

e. Determination of the air mass or air masses that will occupy 
the forecasting district. Make detailed study of properties of these 
air masses. 

/. Determination of changes expected in properties of these air 
masses. 

g. Consideration of local influences such as mountains, oceans, 
and lakes. 

h. Critical reexamination of the entire weather map. Reconsider 
all possibilities, that is, ask "What can upset my forecast?" 



101. Condensation. — a. Many of the various factors concerning 
the condensation of water vapor in the atmosphere remain partly or 
entirely unexplained. It is unknown why, at times, relative humidi- 
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ties of about 100 percent are required for condensed water vapor to 
become visible, while at other times, condensed water vapor may be 
seen at relative himiidities of less than 50 percent. It appears that the 
lower the altitude above the surface of the earth, the higher the 
relative humidity required to produce visible moisture. However, 
this is not always true, as relative hiunidities of 100 percent have been 
observed at high altitudes. Experiment has shown that water vapor 
will not condense in pure air so it is probable the amotmt and type 
of impurities are determining factors. 

b. The principal impurities in the air upon which water vapor 
condenses are the various hygroscopic sea salts such as common salt 
(sodium chloride, NaCl) and other metaUic chlorides and sulphates. 
The source of these is the sea itself. They are introduced into the air 
through the action of white caps and breakers in a rough sea. Obser- 
vation of the hazy appearance of the air near the sea surface on a 
windy day will verify this. Maritime air masses contain more con- 
densation nuclei than continental air masses and condensation phe- 
nomena occur more readily in maritime air masses. 

102. Fog. — ^Fog is any type of condensation that covers the ground : 
it consists of minute water particles (about 0.001 inch in diameter or 
less) and restricts the visibility to certain limits. 

103. Haze. — a. Haze is very fine salt, dust, or smoke particles 
suspended in the air with none or very Uttle moisture content. They 
are invisible to the naked eye but have strong effect on distant visi- 
bility and coloring. They cause dark objects to look blue and white 
objects to look yellow. In the distance, all details vanish because of 
haze. Moimtains are made to look like silhouettes. The nearer 
the air approaches saturation, the thicker the haze becomes. It 
usually has a grayish appearance which is in sharp contrast with the 
white of any clouds that may be adjacent. Since maritime air masses 
attain the greatest amount of salt particles, haze is usually thickest 
in them. Conversely, arctic air is sometimes called pure air because 
of its lack of haze. 

6. An increase in the thickness of the haze is a good indication 
that the air is approaching saturation and that fog or clouds may be 
expected to form. Haze becomes more dense in the vicinity of 
frontal zones. This is a good indication that a frontal zone is being 
approached. Along stationary fronts where waves are being formed, 
the wave areas are usually distinguishable by the thickness of the 
haze. A succession of haze layers indicates a series of small inver- 
sions. Haze usually accompanies the sea breeze and the forward 
edge of this wind may often be noted by a distinct line of demarca- 
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tion between hazy air and clear air. When fog is expected in such 
an area, it will occur in the hazy air and not in the clear air. Con- 
sequently, the edge of a haze line, "sea breeze front," is a good indi- 
cation of the outer limits of any expected coastal fog. 

104. Low stratus. — a. Low stratus is a low flat cloud. The ceiling 
beneath this cloud must be at least 50 feet, otherwise it is reported as 
fog. It is sometimes called, particularly on the westcoast, "high fog/' 
It may develop from or into fog and is usually allied with fog conditions. 
No exact upper limit has been assigned to this type of cloud. Stratus 
clouds beneath which the ceiling is less than 1,000 feet are usually 
considered as low stratus. When low stratus exists, the hazards to 
aviation are similar to those in fog. This point is emphasized by the 
fact that when the ceiling is below 500 feet, the major airports of this 
country report the weather as class ''X.'' A class ''X'' weather re- 
port, according to Federal regulations, prevents any landings at 
that airport. Experienced instrument pilots consider 600 feet as a 
minimum ceiling through which they may let down with safety. 

b. Fog usually lifts under either of the two following influences or a 
combination of both: An increase in wind velocity sufficient to lift 
the base of the inversion off the ground, and heating of the ground by 
the Sim sufficient to cause convections. Low stratus may be formed, 
however, by either of the above methods without the previous exist- 
ence of fog. At night, when the surface temperature and dew point 
are near each other, a wind in excess of 12 miles per hour is usually 
strong enough to establish an adiabatic lapse rate in the lower levels. 
This brings the temperature and the dew point together at some level 
not far above the level of the ground and forms low stratus at that 
elevation as shown in figure 130. The establishment of an adiabatic 
lapse rate in the lower levels causes convections from the ground to 
the base of the clouds and an even distribution of moisture throughout 
this layer. The pilot can recognize such a layer by the bumpiness of 
the air beneath the low stratus. The stronger the wind the higher the 
ceiling. 

c. After sunrise, insolation adds its effect to the turbulence caused 
by the winds or, with a clear sky when the temperature and the dew 
point are near each other at the ground, convections started due to the 
effect of insolation frequently are sufficient to cause the formation of 
low stratus. The clouds formed in either of these two cases are not 
strictly stratus but stratocumulus. It is bumpy within them. They 
are flat on top when the lapse rate above the clouds is very stable. 
In warm air masses where the lapse rate approaches the pseudo- 
adiabatic, the tops may have the appearance of typical stratocumxdus, 
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106. Visibility. — The visibility in fog and haze is variable depend- 
ing upon the lighting of objects, time of day, and light employed. It is 
better in the directions away from the sun than in the directions to- 
ward the sun and better when the object in view is lighted and the 
hazy area intervenes than when the intervening area is clear and the 
object is in a hazy area. 

106. Aviation hazard. — Fog, haze, and low stratus have always 
been hazards to aviation. Instrument flying, radio aids, and celestial 
navigation have largely solved the difficulty for flying between termi- 
nals. Various methods have been invented to make landing possible 
when the ceiluigs and visibilities are very low or zero. They require 
special equipment and training, either or both of which may not be 
available to the pilot at a critical time. The hazards remain. The 
best policy is to avoid the necessity for landing at an airdrome where 
the ceiling and visibility are below safe limits. This requires expert 
forecasting before take-off and the constant attention of the pilot 
during his flight. It is a waste of tune and material to take off for a 
given destination and then have to turn back or go to some other air- 
drome. Such flights are called ''attempted flights'' and are rapidly 
diminishing in numbers. It is not always possible to return to the 
point of take-off because the weather at any given locality does change. 

107. Classification. — All fogs and low stratus may be classified in 
either of the two following groups: 

a. Air mass fogs and low stratus, — These are fogs and low stratus 
which occur due to the interactions within a single air mass. They 
may be further subdivided into radiation, advection, up-slope, and 
double-inversion types. 

(1) Radiation jog. — This fog is caused by the cooling to saturation 
of layers of air due to heat loss by radiation. Fog formed in this 
manner has been further subdivided into ground fog and high inver- 
sion fog. 

(a) Ground jog. — This fog is formed over continental areas by the 
cooling of air layers adjacent to the ground through two processes. 
The first of these is the heat loss by radiation from the layers of air 
themselves. The second and most important is the cooling of the 
lower layers by contact with the ground. After sunset, the earth 
cools off more rapidly than the air. The lower layers of air which 
come in contact with the ground lose their heat and approach satura- 
tion more rapidly than those immediately above. This fog first 
appears as tenuous wisps which gradually spread in extent and in- 
crease in density. Cold air being heavier than warm air, it tends to 
move down slopes into the lowest areas and there is where ground fog 



190 





Original from 
UNIVERSITY Of CALIFORNIA 



WEATHER MANUAL FOR PILOTS 



TM 1-230 
107 



will first begin to form. The pilot should be keenly alert for the first 
appearance of the thickening haze and the narrow streamers of fog 
that indicate the formation of a ground fog. The temperature dif- 
ferential between fog and no fog is frequently so slight that an area 
which originally was clear may be covered by fog within the next few 
minutes. The ground fog may be only knee deep but still it offers a 
landing hazard and it soon may become thicker. The visible portion 
of known objects may be used to give the pilot an estimate of the 
thickness of the fog. Airplanes have landed in groimd fogs but have 
been imable to taxi to the line because of the rapidly increasing 
thickness of the fog. Ground fogs occur in light winds, usually less 
than 8 miles per hour. A little wind is necessary to distribute up- 
ward the colder air next to the ground- Since water vapor is the 



chief heat absorbing agent in the atmosphere, dry air aloft is favorable 
to rapid cooling at the ground and the formation of ground fog. High 
water content in the upper air or a deck of clouds will usually prevent 
the formation of ground fog. A source of moisture such as a lake, 
the ocean, or wet ground will aid greatly in the formation of ground 
fog. The transpiration of plants also provides a prime source of 
water vapor. The winds near the center of a high pressure area are 
usually light, the upper air is dry and, if there is a moisture source 
present, ground fogs may be expected. Winds in excess of 15 miles 
per hour will dissipate a ground fog because they mix the colder air 
with the warmer and drier air above. In a ground fog, the base of 
the inversion must always be at the ground as shown in figure 127. 

(6) High inversion jog. — This fog occurs only over land in winter. 
It is formed as a result of the stagnation of a moist air mass in a 
given area for a number of days. It starts out as a ground fog then 
continues to get thicker on successive days due to the net loss of heat 
by radiation. The subsiding air aloft intensifies the inversion and 
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Figure 127. — Lapse rates of temperature and dew point in a ground fog. 
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further prevents air movement in the lower layers, thereby actmg as 
a seal which allows the air underneath to become colder and colder 
in increasing thickness. The lapse rate within the fog may be iso- 
thermal or show a slight decrease of temperature with altitude up to 
the base of the high inversion which may be as high as 600 feet above 
the ground. This fog may be low stratus during the day and become 
dense fog at night. It may occupy an area for several days and 
sometimes for weeks. It occurs chiefly in the higher latitudes. 
Conditions essential to the formation of this fog occur in the valleys 
along the Pacific coast in winter. Polar Pacific air moves into these 
valleys and then stagnates imder the influence of the Great Basin 
High. Fogs of this nature have been observed to extend from Grants 
Pass, Oreg., to Bakersfield, Calif., and to remain there for periods 
as long as 14 days. 

(2) Advection fog, — This type of fog occurs due to the movement of 
warmer air over a colder surface. A warm air mass will be cooled 



from below by the surface over which it is travehng. This cooling 
creates thermal stability. The stability hinders turbulence and 
convection and confines the moisture to the lower levels. Fog and 
low stratus are typical warm air mass phenomena. A pilot flying in 
a warm air mass should be continually on the watch for the formation 
of fog or low stratus. The most critical time is at night because then 
the ground is coldest and becomes progressively colder from sundown 
to sunrise. When the ground is free from snow, the ceilings will 
usually become zero only at night to rise gradually after sunrise. 
Snow-covered areas maintain a low surface temperature that does 
not vary a great deal between day and night. Tropical air masses 
moving over a snow surface cause low to zero ceilings both during the 
day and night. Fog which forms at one place and then is carried by 
the wind to another is a type of advection fog. Low stratus that 
moves over higher ground causes fog at the higher elevations. This 
is the type of fog that is noted when the low clouds are seen to cover 
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Figure 128.— Lapse rates of temperature and dew jwint in a high inversion fog. 
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the surrounding hills or higher ground. During the day, the higher 
ground is usually warmer than the air and will tend to maintain some 
ceiling but at night it will often be colder than the air tending to 
draw the ceiling down. The sea-level elevation of the ceiling at 
night will often be actually less over higher ground. Low stratus with 
a ceiling 400 feet above sea level will cause fog above the 400-foot 
contour. If the top of the stratus is at 800 feet, the 800-foot contour 
determines the other fog boundary. 

(a) Land and sea breeze jog. — Contrasting surface temperatures 
exist at almost all seasons of the year along seacoasts. The ocean is 
an abundant moisture source. These factors combine to make coastal 
areas subject to frequent fogs. In winter, the land is usually colder 
than the ocean and fogs may be expected with an onshore wind. In 
summer, the ocean is usually colder than the land so fogs may be 
expected when the offshore breeze contains considerable moisture. 
The prevailing wind drift in the middle latitudes is from west to east. 
Therefore, over land, fogs may be expected along the Pacific coast 
with a normal pressure gradient. Cyclonic circulation is usually 
required to produce onshore fogs along the Atlantic coast. During 
both winter and summer, the offshore winds along the Pacific coast 
are imusually dry. Fogs in that area with an offshore breeze are 
rare. In fact, an offshore breeze usually means clear weather. Along 
the Atlantic coast in summer, the offshore winds usually consist of 
Tg air which contains an abundant moisture supply for the formation 
of fogs. Along the southern Atlantic coast and in the Gulf of Mexico 
the sea surface temperatures are unusually high and usually prevent 
the formation of offshore fogs. Farther north, especially around 
New England, the Labrador Current causes low sea temperatures and 
offshore winds in this area may produce thick fogs. Along the Pacific 
coast from southern California to central Washington, there is a belt 
of water which is several degrees cooler than that farther at sea. 
The greatest contrast is in the vicinity of San Francisco as shown in 
figure 129. The sudden cooling of the moisture-laden prevailing 
westerlies as they pass over this belt of cold water rapidly reduces 
them to saturation and causes fog. An onshore breeze carries this 
fog inland. The prevailing wind along the Pacific coast is from the 
northwest. From the sea temperatures shown in figure 129, it is seen 
that northwest winds will continually strike colder water along the 
Pacific coast from central Washington to a short distance south of 
San Francisco. The continued cooling of the lower layers keeps the 
fog on the surface and maintains this fog as a true fog as it comes on 
shore. Farther south, the northwest winds are warmed slightly in 
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the lower layers by the gradually increasing temperature of the sea 
surface. This effect, combined with the mixing in the lower layers 
due to strong winds, causes the base of the inversion to rise as shown 
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Figure 129.— Sea temperatures along the Pacific coast. 



in figure 130. The lowest temperature in the free air is now some 
distance above the surface of the ground and, since that is where the 
cloud will form, it becomes low stratus instead of fog. It is this type 
of fog which has been termed ''high fog'' by western meteorologists. 
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Figure 130.— Lapse rates of temperature and dew point in low stratus (high fog). 

It becomes a true fog when it moves over higher ground elevations. 
Frequently at night, ground temperatures are reduced sufficiently to 
cause the low stratus to come down to the groimd along the immediate 
seacoast. In summer, the sea breeze strengthens the onshore wind 
and the contrasting sea surface temperatures have their greatest 
differential. Coastal fogs along California and Oregon are to be 
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expected more often in summer. They are the chief hazard to avia- 
tion and the forecaster's main problem dming this period. The sea 
breeze attains its maximum strength in the aftemoon and that is the 
time when the fog begins to roll in from the ocean. It continues to 
come in until late at night and remains until simrise. Then surface 
convections begin, the ceiling gradually lifts, the clouds dissipate, and 
the ceiling usually becomes unlimited later in the morning. The sea 
temperatures are in the fifties and land temperatures in this area in 
the sxmmier may go above 100^. The sea breeze forces the warmer 
air aloft to create a very strong inversion. This inversion confines 
the sea breeze, prevents mixing, and holds the cold ocean air next to 
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FiouRK 131.— Temperature^atitude curve at Oakland, Calif., on August 19, 1937. 

the ground. A temperature of 85^ F. at the surface in San Francisco 
is rare. Figure 131 shows a typical inversion along the Pacific coast 
in summer. The sea breeze averages about 22 miles per hour in the 
early aftemoon at San Francisco in the summer. 

(6) Sea fog. — This fog forms when sea air is cooled over cold ocean 
currents. The example given in (a) above along the Pacific coast fits 
this type. The most pronoimced example occurs in the Atlantic 
Ocean when air that has been over the Gulf Stream moves over the 
Labrador Current. In January, the tempera tiu'e differential across 
a belt about 140 miles wide between these currents off the southeast 
coast of New England is 22** F. as shown in figure 132. Thick, dense 
fogs occiu* north of the boundary between these currents when the wind 
has a southerly component. The frequent fogs of the Grand Banks 
are formed in this manner. When the wind is unusually strong, the 
fog will lift to form low stratus. This relation between wind velocity 
and ceiling should be true for any type of advection fog. Normally, 
the temperatiu-e gradients over the siu^ace of the ocean are gradual. 
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The sea surface temperature gradually decreases from low to high 
latitudes. Air that moves over the ocean from tropical regions 
toward polar is continually being cooled. Extensive fogs frequently 
occur when tropical air masses move to polar areas. An example of 
this type of fog occurs on the western limb of the Pacific anticyclone. 
Tropical Pacific air is almost continuously carried northward over a 
successively colder ocean surface. Under the influence of this circu- 




FiGURK 132.— Sea temperatures along the North Atlantic coast. 

lation, very extensive fogs and low clouds exist over the north central 
Pacific Ocean during almost the entire year. 

(c) Steam Jogs, — Shallow, wispy fogs are formed when cold air 
moves over a much warmer siu'face. This type of fog occurs fre- 
quently in arctic areas when extremely cold air masses move over 
open stretches of water and is called "arctic smoke." The same 
phenomena occurs in the middle latitudes to a much less pronounced 
degree. Early morning mists and steaming over lakes or lagoons are 
other examples. This fog is never thick and offers no hazard to air 
navigation. 

(3) Up'slope Jog. — This is a particular type of advection fog that 
has derived its name from a continual flow of air up a long, gradual 
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slope. It occurs most frequently along the eastern flank of the Rocky 
Mountains when the wmds have a southeasterly component. When 
flying westward over the Great Plains area, the ceiling may often be 
noted to graduaUy decrease until it comes down to the ground. 
Clouds that surround any mountain or hill cause fog in the cloud area. 
These are not generally known as up-slope fogs but are actually often 
formed in the same manner. 

(4) Double inversion Jog and low stratus, — This type of fog or low 
stratus occurs imder conditions similar to those required for the form- 
ation of low stratus. Low stratus may or may not previously exist. 
It occurs after sunrise and has been called '*day fog." During the 
night, after an adiabatic lapse rate has been established in the lower 
levels by the wind, the wind frequently dies down and allows the 
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FiGURE 133— NocturDal double inversion. 

development of a second inversion with its base at the ground as shown 
in figure 133. The lower inversion prevents convections from the 
groimd and allows a higher concentration of moisture in the lowest 
levels. Transpiration of plants and evaporation from the ground 
supply the moisture. Soon after sunrise, the heating of the ground 
destroys the lower secondary inversion with the result that the con- 
densation level of the lower layers is reached below the base of the 
upper inversion. A rapid lowering of the ceiling ensues. Ceilings 
that were previously about 1,000 feet may fall below 600 feet within a 
few minutes and may sometimes come close enough to the ground to 
form fog. The ceiling is usually indefinite and appears very ragged. 
To a ground observer, the ceiling may be 600 feet but to a pilot, the 
horizontal visibility at 300 feet may be zero. There may be frequent 
breaks giving the lower layers of air the appearance of being in an 
extreme state of flux. Extremely low ceilings are of short duration. 
Further rising of the sun with an increased rate of insolation causes the 
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ceilings to rise rapidly. The entire sequence of events may occur 
within an hour. 

b. Frontal jogs and low stratus. — A front Ues in a trough. The 
pressiu'e in any given area decreases upon the approach of a front. 
A decrease in pressure brings the air nearer to saturation. The pres- 
sure distribution in a frontal zone aids in the formation of fog. The 
winds converge along a front and around cyclonic centers. Conver- 
gence requires lift and lift brings the air nearer to its saturation point. 
The precipitation in frontal zones increases the moistiu-e content of 
the air near the ground. Fronts usually move over precipitation 
areas. The wet ground furnishes a moisture source. Cloud systems 
associated with fronts cut down the amount of insolation received at 
the ground and keep the lower layers of air cooler. Lower tempera- 
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Figure 134. — Double inversion; low stratus or fog. 

tures aid in the formation of fog. The warmer air masses are lifted 
in frontal zones. For air that is already near saturation, this lift is 
frequently sufficient to cause fog or low stratus. 

(1) Warm Jront fogs. — Some of the most widespread and dangerous 
fogs occur ahead of a warm front. This is particularly true in winter 
when the front is between To and Pc air. There is a large tempera- 
ture differential between these air masses and the resulting cyclonic 
systems are strong. Precipitation may extend over a wide area; the 
Pc air is already close to saturation and the added moisture is fre- 
quently sufficient to cause widespread fogs and low stratus. There 
is a rapid pressure fall ahead of these systems. This pressure decrease 
often occurs quite suddenly over large areas and it may be just enough 
to bring unsaturated air to the saturation point. The ceilings may 
rise during the day to 800 or 1,000 feet but with nightfall they rapidly 
come down to very low levels and often cause fog. The pilot who 
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finds himself near the center of one of these widespread areas where 
fog is rapidly forming is in dire straits. An adequate reserve supply 
of fuel may carry him out of danger but many airplanes do not carry 
such quantities of fuel, especially after a portion of the original capac- 
ity has been used. With the strong winds that accompany an intense 
cyclonic system, the cloud formations ahead of a warm front are 
usually low stratus. Even with the strong winds, the ceilings may be 
below the minimums required for safety. Contact flying in this 
type of weather is exceedingly dangerous. 

(2) Cold front jog. — A cold front fog differs from that of a warm 
front fog chiefly in its much narrower extent. Widespread fog or 
low stratus may develop along and in rear of a cold front that is 
rapidly decelerating or becoming stationary. This occurs when the 
warm air is actively overrunning the cold air. The fog and low stratus 
are similar to those ahead of a warm front. 

(3) Front passage jog. — Many factors included in the formation of 
fog in frontal zones have been previously mentioned. Fog may be 
expected in any frontal zone where the temperature and dew point 
are close together. When the winds are light, the mixing of the warm 
and cold air masses may produce a fog. The movement of the air 
in a frontal zone over much colder ground may cause the required 
cooling. Strong fronts often carry a heavy cloud system that reaches 
to the ground and sometimes appears like a dark wall. Cloud sys- 
tems similar to this have existed along stationary fronts and closed 
in a given area for days at a time. Other times the cloud system 
may be very light and pass across a station in the form of a narrow 
band of fog or low stratus. All variations between these two extremes 
may be expected. 

108. Time of formation. — a. Most fogs are formed by a combina- 
tion of the processes of advection and radiation. Cooling of the air 
by radiation occurs chiefly at night and advection continues both 
during the day and night with the winds stronger during the day. 
Light winds favor the formation of fog. If fog is expected and the 
winds pick up, low stratus will probably occur. The fog hazard is 
much more serious at night than during the day. Many pilots who 
are not flying aircraft today, would be, had they realized the im- 
portance and use of the information that the air is cooler and nearer 
satm-ation at night and that fog is largely a nighttime phenomenon. 

6. One way a pilot may keep himself informed as to the possibihty 
of fog is to keep track of the rate of approach of temperature to dew 
point on successive weather reports. This may be done mentally but 
it is better done graphically as shown in figure 136, 
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c. Successive reports of the temperature and dew point over a 
period of 2 or 3 hours, or even longer, give the rate of approach of the 
temperature to the dew point. This rate of approach may be extra- 
polated forward to give the time when these two elements will become 
the same. Fog may be expected then. When the temperature-dew 
point curves are plotted (fig. 135), they may be extrapolated 
forward until they intersect. Their intersection gives the expected 
time of the formation of fog. There are many factors which may 
change the rate of approach of the temperature to the dew point, so 
this device of forecasting the time of formation of fog is not infallible, 




Figure 1:^5.— Extrapolated tmd actual temperature-dew point curves. 

as shown in figure 136. However, it does give an indication that fog 
is possible and awareness of this fact is valuable information. 

d. The air becomes progressively colder during the night. The 
possibility of fog increases from sundown to sunrise^ except for double 
inversion fogs which form shortly after sunrise. Frontal fogs may 
occur at any time and are more dense at night. 

6. The time of formation of fogs may be most accurately deter- 
mined by obtaining the free air temperature-altitude curve in the late 
afternoon and then determining the decrease in ground temperature 
that will occur imder the existing conditions of wind, moisture distri- 
bution aloft, wetness of the ground, and cloud cover. If these criteria 
are determined accurately, extrapolated temperature-altitude curves 
for that night will show if and when the fog will form. 

109. Time of dissipation. — Fog and low stratus tend to dissipate 
after sunrise. The thicker the fog or clouds, the longer it will take 
for them to dissipate. A rough rule states that the clouds will become 
thinner at the rate of 300 feet per hour for each hour after sunrise; 
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that is, fog 600 feet thick would require 2 hours to dissipate. This is 
only a rough rule and often does not work, for example, double inver- 
sion. In tropical air masses, the. lapse rate above the clouds is usually 
steeper than isothermal and approaches the pseudo-adiabatic. Low 
stratus fonned in these air masses becomes thicker as the day pro- 
gresseSj but it usually breaks into cumulus clouds which may cause 
showers and thunderstorms in the afternoon. The chief factors in the 
time of dissipation of fog or low stratus are the lapse rate above tlie 
clouds and the thickness of the cloiui fomiation. With an early 
morning free air curve, there are means available to the forecaster 




Figure 136.— Fog expected from extrapolated curves but did not occur. 



that he may use to accurately determine the time of dissipation of fog 
or low stratus. 

Section XIII 

THUNDERSTORMS, TORNADOES, AND DUST STORMS 

Paragraph 
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110. General. — A thunderstorm represents a very unstable condi- 
tion in the atmosphere. To be reported as such, a thunderstorm 
must contain visible lightning or audible thunder or both. When 
clouds have the typical appearance of thunderstorm clouds but neither 
of the above phenomena is discernible, the clouds are reported as 
'Hhunderheads.'' Thunderstorms always constitute a hazard to avia- 
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tion. They should be avoided insofar as possible. They may be 
classified as — 

a. Air mass thunderstorms. 
6. Frontal thunderstorms. 

111. Theory of thunderstorms. — a. Any current thunderstorm 
is one which develops as the result of the interactions within one or 
more air masses. It is a shower in which the degree of instability is 
high enough to cause vertical velocities of sufficient extent and mag- 
nitude to produce lightning and thunder. A raindrop consists of 
positively and negatively charged particles with the negative particles 
being more highly concentrated in the outer portions of the drop. 
The terminal velocity of raindrops is directly proportional to their 
size. The maximum diameter of a raindrop is 5 nmi. and the terminal 
velocity is 8 m/s. When the upward velocities within a cloud exceed 
8 m/s., they not only will support all raindrops but they will tear away 
the outer portions of each drop. According to the generally accepted 
theory which may be modified by current studies, this process results 
in the establishment of an electrical potential between clouds, various 
portions of a single cloud, and between the clouds and the negatively 
chained surface of the ground. The destruction of this potential 
causes lightning and the accompanying thunder is the same noise, on 
a large scale, as that caused by a spark gap. 

6. The strongest Ughtning discharge may be conducted by a metal 
rod the size of a man's thumb so there appears to be little opportunity 
for serious structiu*al damage to a metal airplane by lightning. How- 
ever, trailing antennae offer a very convenient path for lightning and 
several cases have been reported where radio sets have been seriously 
damaged with some discomfort to the radio operator. Older airplanes 
of the "stick and wire'' type present several points at which Hghtning 
may cause damage, one of the most notable of which is at control cable 
junctions, particularly at the ailerons. Present records show no 
airplane casualties due to lightning itself. 

112, Mechanics of a thunderstorm. — a. The vertical velocities 
necessary in thunderstorms may be initiated in one or more of the 
following ways: 

(1) Frontal activity. 

(2) Establishment of super-adiabatic lapse rates by — 
(a) Diurnal heating. 

(6) Radiation. 

(3) Topographic influences. 

(4) Convergence. 

b. The vertical motions are perpetuated and strengthened by air 
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that is unstable for the saturated state. Showers or thundei-storms 
result depending upon the degree of this instabihty. Essentially 
then, thunderstorms result from the lifting of the air to its saturation 
level by one of the above means from where it is aided in its upward 
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Figure 137.— Thunderstorm due to forced lift 



movement by the instability of the saturated air, particularly after 
it has reached the level of free convection. The level of free convec- 
tion, LFC, is the point above which the rising air is warmer than the 




Figure Thunderstorm due to diurnal heaiiug. 



surrounding air and is represented by point C in figure 137. The air 
must be lifted to the LFC through the force of frontal activity, ter- 
rain effects, or convergence. Above the point B the Ufted air is 
saturated and its temperature decrease with altitude is that of the 
saturation adiabatic BCD, Above C, the rising air is continually 
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warmer than the surrounding air and will be accelerated in its upward 
movement. The vertical motion will only be suppressed when the 
rising colunm reaches a stable layer of air, perhaps the base of the 
stratosphere. The negative area is that portion of the diagram where 
the rising air is colder than the smrounding air and the amount of 
resistance to vertical motion is measured by the size of this area. 
The positive area shows where the moving air is warmer than the 
surroimding air and the size of this area gives a measure of the energy 
available for thunderstorms activity. As yet, no method has been 
devised whereby the vertical velocities to be expected in a thimder- 
storm may be accurately determined from a thermo-dynamical 
diagram. 

c. The almost complete destruction of the negative area has been 
accomplished in figure 138 by diiimal heating which has raised the 
temperature of the surface air from ^ to This figure represents 
the usual relationships existing in an air-mass thunderstorm. 

113. Air-mass thunderstorms. — a. General. — (1) An air-mass 
thunderstorm is one which develops as the result of the interactions 
within a single air mass. This is the simplest type of thimderstorm 
and is usually due to diurnal heating in the lower levels of the atmos- 
phere with attendant super-adiabatic lapse rates near the ground. 
Isolated, irregularly spaced convections begin at the groxmd and reveal 
themselves to the pilot early in the day in form of ^^bimips." Later, 
these small convections are strengthened by merging and additional 
heating until they form a rapidly growing cumulus cloud which 
develops into a thunderstorm, usually in the afternoon. Thimder- 
storms that occur earlier in the day usually have some primary cause 
other than diurnal heating. The setting of the sim cuts off the 
primary source of energy for air-mass thimderstorms. They then tend 
to dissipate and disappear. Some of them attain such strength in the 
afternoon that they persist until late at night. Forecasting the time 
of dissipation of a thunderstorm is indeed difficult, being dependent 
on so many variables that are usually unknown to the forecaster. 

(2) If the air^is potentially unstable and diurnal heating causes 
convections to the saturation level, showers may be expected. A 
rough rule states that a decrease of equivalent potential temperature 
with altitude exceeding 6*^C/km. throughout a layer at least 2 kilo- 
meters thick is required for the formation of thunderstorms. The 
time when the thunderstorm will begin is dependent upon the rate 
of diurnal heating and the degree of potential instability, but wiU 
usually be about 1 or 2 hours after the rising air has reached the level 
of free convection. Once the thunderstorm is started, it aids con- 
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vections ahead of it and depresses those to tlie sides and rear. Thus 
each storm becomes isolated. Over a large area air-mass thunder- 
storms are scattered. They should present no serious hazard to the 
pilot, since it is possible for him to avoid the individual storms. 

(3) Air-mass thimderstorms vary considerably in area and in 
velocity. However, they usually travel at about 16 to 20 miles per 
hour and are 8 to 40 miles in width. The period of hazardous flying 
at any one station is of relatively short duration; an hour is excep- 
tional. 

b. Motions and appearance. — (1) Thunderstorms develop from 
cimiulus clouds and cmnulus clouds result from vertical currents, so 
vertical currents are expected in thimderstorms. Above the LFC, 
the rising air is accelerated. This means increasing vertical velocities 
imtil a stable layer is reached and for air-mass thimderstorms such a 
layer is not usually reached below 20,000 feet. Hence the strongest 
vertical currents may be expected in the upper portions of the clouds. 
The anvil-topped cumulus cloud is associated with thimderstorms 
because the anvil top indicates that the cloud extends to very high 
levels and the convective activity must have been strong to carry the 
cumulus cloud to that elevation. The anvil top is due to the spread- 
ing out of the top of the cloud at the base of a stable layer which the 
cloud cannot penetrate. 

(2) The rising currents within the cloud are associated with com- 
pensating down currents both within and without the cloud. Vor- 
ticity results and visible curls are produced which give the cloud 
its cauliflower appearance, especially in the lower levels. When the 
cloud reaches a level where the water droplets freeze, the cloud assumes 
a fibrous appearance. The fact that the cauliflower appearance is 
often observed to considerable distances above the zero isotherm 
indicates that such clouds contain water in liquid form at tempera- 
tures well below freezing. 

(3) Vertical velocities are frequently sufficient to cause a rate of 
rise of 3,000 feet per minute to be indicated on the climb indicator. 
Pilots have reported several thousand feet of rise in a thunderstorm 
with the airplane in a dive. Vertical velocities exceeding 200 miles per 
hour probably exists in severe storms. The strong up currents alone 
are not hazardous but when they are associated with adjacent down 
drafts, exceedingly high velocity gradients are created. Load factors 
far in excess of the safety factor built into airplanes may be encoun- 
tered, and if so, structural damage will certainly result. Spars have 
been cracked, ribs broken, fuselages twisted, and safety belts torn 
loose in thunderstorms. 
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(4) Violent turbulence renders some flight instruments useless, 
particularly the turn and flight indicators. The bank and turn 
indicator may quickly indicate its maximmn values with the pilot 
having no true knowledge of the rate of timi or degree of slip or skid. 
Manual control of the airplane has been reported as impossible due 
to the tremendous forces on the control surfaces. 

(5) A thunderstorm moves in the direction of the prevailing wind. 
It is fed chiefly by the rising air at the front edge of the cloud as shown 
in figure 139. It is in this portion of the cloud that the rising currents 
attain their maximum velocities and there the lightning is most 
frequent. The direction of motion of a thimderstorm at night may 



— f//^^^/n///////////// //h///////////// /////////// //////////////// — 

Figure 139. — Vertical section of an air mass thunderstorm. anvil; C, roll cloud; Cu,cumalus clouds; Z^, 
descending air; strong gusts; M, mammato cumulus; protruding portion of anvil; R, primary rain; B^, 
secondary rain; T. severe turbulence; 17, up draft; TV, wind; JZ, zero Isotherm. 

be determined from some distance by noting the position and move- 
ment of the lightning. Usually the wind velocities at the higher levels 
in a severe thunderstorm have greater values and are in approximately 
the same direction as at the base of the cloud. The anvil or fibrous 
portion of the cloud stretches out in the direction of motion of the 
storm and may be observed from relatively great distances depending 
upon the altitude of the auplane. 

(6) In clear air, the distance in miles from which objects may be 
seen from the ground = V3/2A, when h is height in feet. A thunderhead 
extending up to 30,000 feet may be seen from a distance of more than 
200 miles when the observer is on the ground and the air is clear. 
When haze obstructs visibihty in the lower levels, a pilot at 10,000 feet 
can usually see thimderheads 225 miles away without diflBlculty. 

(7) The descending rain drags air with it causing downward currents 
as shown at D in figure 139. 

The evaporation of the rain cools the sinking air. The descending 
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cold air moves down and forward in a fan shape. In an arid region, 
this may kick up a ring of dust ahead of the thunderstorm. The 
cooler down currents may attain velocities of 60 to 70 miles per hour 
in strong gusts as they move along the surface just ahead of the storm. 

(8) The rc^on of most severe turbulence is between the descending 
and rising air in the forward portion marked T in figure 139. A roll 
cloud C is sometimes formed at the lower forward edge of the main 
cloud. Airplanes in this region have been violently rolled beyond 
control of the pilot. Severe turbulence also occurs in the rapidly 
forming clouds just ahead of the main cloud. The formation of 
these clouds explains the often noted movement of a thimderstorm at 
a greater velocity than exists in the prevailing wind. A thimderstorm 
persists due to the rapid cloud growth in its forward portion. The 
forward moving cold air ahead of the storm forces the warm air aloft. 
A series of actually new thunderstorms are continually forming in 
advance of the older ones, often giving the impression of an excessively 
rapid movement of the original storm. 

(9) On a hot sunmier afternoon, when the base of scattered cumulus 
clouds may be at 5,000 or 6,000 feet, the ceiling in a thunderstorm 
may drop to about 500 feet and the visibiUty may be reduced to a 
few hundred yards in the heavy rain. Usually, however, the ceiling is 
about 1,000 feet and the visibility in excess of 1 mile. Therefore, a 
flight through a thunderstorm would often be in violation of Federal 
regulations unless an instnunent flight were authorized and instrument 
flight in a severe thimderstorm may be impossible. Flight over the 
top is impossible without oxygen equipment. Even then it is impos- 
sible with most existing equipment due to lack of sufficient service 
ceiling. 

(10) The descending currents in the rear portion of the cloud and 
the mixing with the surrounding drier air act to increase the satura- 
tion level and dissipate the cloud. The ceiling may rapidly rise from 
a few himdred feet in the forward portion to several thousand feet in 
the ragged clouds that are continually disappearing at the rear of the 
storm. 

c. Dissipation. — Severe though some air-mass thunderstorms are, 
their persistence often hangs in a very deUcate balance. If not a 
severe storm, it may stop quite suddenly, long before the sun goes 
down. Several factors may contribute to an early demise of a thunder- 
storm. Lack of these will aid in the persistence of the storm. Prob- 
ably the most important effect is a reduction in the amount of insola- 
tion due to the interference of shower or thunderstorm clouds them- 
selves, particidarly if the upper air is close to saturation. The 
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expansion of the lower levels by diumal heating combined with the 
lift in shower or thimderstorm clouds may cause the sky to become 
overcast and eliminate strong surface convections. This often occurs 
in very imstable air and prevents even the formation of thunder- 
storms, whereas otherwise they would have been expected. A shower 
in advance of a thunderstorm may stabilize the air and cool the 
ground sufficiently to stop the storm. A neighboring shower or 
thunderstorm cloud may cast a shadow in the path of a thunder- 
storm and thereby limit convections, especially about 3 or 4 o'clock 
in the afternoon. The rapid movement of a thunderstorm may carry 
it out of an area of convergence or into an adjoining portion of the 
air mass which is not sufficiently unstable to support the storm. A 
very stable layer aloft may cause intense lateral mixing or spread of 
the upper portions of the cloud. Reverse winds aloft often limit the 
shower cloud or drag away the upper portion of a thunderstorm which 
will limit the storm even though the upper air is sufficiently unstable. 
A change in the synoptic situation may cause changes in wind direc- 
tion or subsidence where formerly convergence existed. There are 
various other factors which may effect a change in the delicate bal- 
ance that determines whether thunderstorms will form or die out. 

d. Sequence of events at one station. — During the approach and 
passage of an air-mass thunderstorm at one station the following 
sequence of events usually occurs, the more severe the thunderstorm 
the more pronounced each event: 

(1) Light winds of warm air moving toward the approaching 
thunderstorm. The air feels uncomfortable, is sultry, and often 
almost calm. The barometer is unsteady down due to the decrease 
in pressure of the more rapidly rising air. The thunderstorm is 
visibly approaching and has an almost black appearance. Lightning 
may be visible, even during the day. 

(2) The wind changes about 180° to away from the thunderstorm, 
picks up suddenly in velocity, becomes gusty, and is usually 10° to 
15° cooler. If the soil is broken and dry and not protected by vege- 
tation, dust will be kicked up. Parked airplanes that are not securely 
anchored may be tossed about. There is strong turbulence visible in 
the clouds overhead. Thunder is now audible since thunder cannot 
be heard at distances greater than 20 miles. 

(3) Rain starts several minutes after the wind shift and pick-up. 
Usually a few large drops fall at first and then heavy rain occurs. 
Lightning bolts strike the groimd. Thxmder crackles. The ceiling 
comes down rapidly and visibility decreases. This usually lasts 
several minutes. Then there is a let-up, after which a secondary 
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heavy rain comes when the vertical currents decrease to the extent 
that previously held water is allowed to fall. The rain then decreases 
in intensity and the wind becomes almost calm. The thimder and 
lightning have moved on. 

(4) The rain stops and the wind picks up a little from the direction 
of the thimderstorm that has just gone by. Ceiling increases rapidly 
and usually soon becomes unlimited. Visibility improves rapidly. 

(5) Light wind shift of about 180° to the prevailing wind direction. 
e. Terrain influence. — (1) Convections in air-mass thunderstorms 

must start at the surface except in a few cases where superadiabatic 
lapse rates are estabUshed at high levels. The lower layers must be 
very unstable if the terrain is smooth, whereas over mountains con- 
vections are rapidly set up and thunderstorms are precipitated more 
easily. The air around a mountain not covered by snow is heated 
faster than the surroimding air, thereby setting up convections. 
Tropical islands, especially those with mountains, cause thunder- 
storms due to convections set up on a hot day. The resulting showers 
may be very intense due to the large amoimt of water in the air. 
The amoimt of moisture that must fall out for a given amoimt of 
cooling is large. Thimderstorms usually occur on the lee side of 
mountains. On the windward side the down draft from a thunder- 
storm would oppose the up currents and nullify convections. On the 
lee side the thunderstorm downflow of wind aids air motion down the 
mountain side and forces air up ahead of it to aid the continuance of 
the thunderstorm. A thunderstorm goes down a canyon or steep 
valley if the upper air currents are very weak. The earth's deflective 
force sometimes deflects thunderstorms to the right. 

(2) The sea breeze on the west coast meeting thunderstorms 
approaching from the east causes convergence and aids in maintaining 
thunderstorms in this region, particularly in southern California. Few 
air-mass thunderstorms occm- along the north Pacific coast because of 
the stability of smrnner Pp and the rare appearance of Tg. Thunder- 
storms benefit by convergence with the sea breeze along the Atlantic 
coast. The general drift of thimderstorms is west to east, and the 
sea breeze on the Atlantic coast is east to west. The front edge of 
the sea breeze, the "sea breeze front," aids materially in the formation 
of cumulus clouds which sometimes develop into thunderstorms. This 
explains the more frequent occurrence of showers and thunderstorms 
several miles inland than along the seashore as the sea breeze attains 
its maximum value during the hottest portion of the day. 

/. In tropical gulf air, — (1) Tropical Gulf air (To) is the only 
North American air mass which is normally sufficiently unstable for 
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the saturated state to produce thunderstorms. The warmth and 
moisture of the source region together with its proximity to the mid- 
dle latitudes account, in part at least, for the resultant air mass that 
is unusually moist in the lower levels with a sufficient decrease of 
water content and temperature with altitude to make this air mass 
potentially unstable. A least 90 percent of all thunderstorms that 
occur in the United States occur in To air. Their maximum fre- 
quency occurs near the Gulf of Mexico in the afternoon. Over the 
Gulf of Mexico, their maximum frequency is at night. 

(2) The normal trajectory of Tg in summer is onshore from the 
Gulf of Mexico. When Tg air rises over the increased land elevations, 



Figure 140.— Approaching isolated thunderstorm. Photograph taken near Austin, Tex., looking SE. from 

2,000 feet, July 9, 1938. 

especially in west Texas, the lift required for saturation gradually 
decreases except for a short distance onshore. By the time the air 
has reached ground elevations of 2,000 or 3,000 feet, the formation of 
thunderstorms is easy and a little added lift will cause them. This 
small added lift may be due to further progress up the gentle slope, 
slight convections from the mountains or superadiabatic lapse rates 
established by diurnal heating. Therefore the mountains in west 
Texas, New Mexico, Colorado, Arizona, California, Utah, and some- 
times even Oregon, Washington, Colorado, Arizona, Idaho, Montana, 
and Wyoming, and the Ozark and Appalachian Mountains cause 
many thunderstorms. Ordinarily a front is required to produce a 
large number of thunderstorms over flat country. In summer, the 
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thunderstorm center of the United States shifts from Tampa, Fla., 
where it is located in the winter, to Santa Fe, N. Mex. 

(3) A high level anticyclone consisting of dry warm air, now known 
as '^Superior air,'' is semipermanent over the southwestern United 
States in summer. Its position may change irregularly to almost any 
portion of the United States. Wherever it happens to be located, 
thunderstorm activity is greatly limited if not nonexistent near the 
center. The Tg air flows northward in thick streams aroimd the 
peripheries of this anticyclone or portions of it when it breaks down. 
It is in these thick currents of Tg that thunderstorm activity is to be 
expected. One such stream usually flows up over Mexico, Texas, and 
New Mexico and into the United States roughly between El Paso, 
Tex., and San Diego, Calif. Another such stream usually flows up 
between east Texas and Florida. It is the movement of either of 
these streams or a combination of the two, to the Mississippi Valley 
that brings thunderstorm activity to that region. 

114. Frontal thunderstorms. — a. General. — ^(1) Frontal thun- 
derstorms are those which occur as a result of vertical motions cre- 
ated by a front. The thermodynamical characteristics of a frontal 
thimderstorm are similar to those of an air-mass thunderstorm. The 
chief difference between them is that the frontal activity has lifted 
the potentially unstable air to its level of free convection. Very 
often the frontal activity is in conjunction with the other factors that 
cause lift. In a discussion of frontal thunderstorms, the factors affect- 
ing air-mass thunderstorms must be kept in mind. Frontal thunder- 
storms may not be diminished greatly by nightfall and they may origi- 
nate and persist during the night. The origin and occurrence of 
thunderstorms at night are excellent clues for the pilot that he is in 
a region of frontal activity. Another important source of information 
is the distribution of thunderstorms. When they occur in a more or 
less continuous line or in close proximity, the pilot may be reasonably 
sure that they exist in or near a frontal zone. 

(2) Hail occurs in connection with frontal thunderstorms. Hail- 
stones remain aloft only as long as vertical currents are sufficient to 
support them. Their concentric growth, giving them an onion-like 
appearance in a cross section, shows conclusively that they have 
been subjected to successive periods of freezing. This implies that 
their vertical motions have been oscillatory between freezing and 
nonfreezing levels due to the changes in strength of the vertical cur- 
rents which have been supporting them. Hailstones vary slightly in 
density and the velocities required to support them depend upon this 
factor as well as their general shape and roughness. Vertical veloci- 
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ties of approximately 100 miles per hour are usually rofiuired to sup- 
port hailstones 2 inches in diameter. The shape of hailstones varies 
from approximately round to disk or platter-shaped. Round hail- 
stones 5 inches in diameter have been reported. Such missiles pre- 
sent a hazard to aviation, especially where glass and fabric are 
encountered. 

(3) Layers of air containing supercooled water may be quite thick, 
and hail forming in sucli layers may grow appreciably in size simply 
by accretion of the subcooled drops during one continuous fall of a 
hailstone. However, such accretion cannot account for the smooth 
concentric growth observed in large hailstones but may account for 
their often lumpy surfaces. 

6. Warm /ron<.— Warm-front thunderstorms are scattered in the 
area ahead of the warm front as shown in figure 141. 

(1) Wlien warm-front thimderstorms occur in the United States, 
the air in the w^arm sector is usually To. Convergence in the warm 



sector due to cyclonic activity may cause heavy showers and thunder- 
storms to occur in that region. The ceiling and visibility may become 
zero in the heavy rain. 

(2) The time of formation and location of warm-front thunderstoniis 
may be estimated from the slope of a warm front, the rate of flow over 
that front and the lift required for saturation. The heavy precipita- 
tion in thunderstorms ahead of the surface front makes the warm-front 
rains spotty. If air mass thunderstorms are probable, frontal thunder- 
storms are almost certain. The thunderstorms form in the altostratus 
clouds over the cold air. If the pilot can get above the altostratus 
clouds he is usually able to avoid the individual scattered thunder- 
storms. The precipitation from the thunderstorms combines with 
the warm-front rain to raise the relative humidity in the cold air, 
thereby decreasing the ceilings and enhancing the possibilities for fog. 
The direction of motion of individual thunderstorms may be deter- 
mined from the winds aloft. 



A 




Figure 141.— Warm-frunt thimderstorms. 
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(3) In the Northern Hemisphere, the flow of air over a warm front 
is generally in a northeasterly direction, and warm-front thunderstorms 
usually move in that direction. 

c. Cold Jront. — Because of the unusual steepness of the cold front, 
generally along the line of the surface front, the maximum lift in the 
warm air is produced suddenly along this front. The distribution of 
cold-front thimderstorms is usually limited to a zone about 50 miles 
wide along the cold front as shown in figure 142. 

(1) Thunderstorms occurring in this zone are usually the most 
severe type encountered. They occur independently of the time of 
day. Along strong cold fronts they may form a continuous line of 
thimderstorms and this line is known as the ''squall line.*' Expert 
instrument pilots who have flown into a squall line have been forced 



to turn back because they could not control their airplanes. One 
pilot related his experiences very briefly, ''I went in at 12,000 feet and 
it spit me out at 18,000.'' A large percentage of all aircraft accidents 
due to weather occur along a strong cold front. 

(2) Particularly in the south central portion of the United States, 
siuiace cold fronts carry thunderstorms and are frequently preceded 
by an upper cold front that is also causing severe thimderstorms. 
These upper fronts leave the surface in the western Great Plains 
district to move ahead of the surface front until they reach the Appa- 
lachian area. There they usually dissipate or rejoin the surface 
front. Figure 143 shows a plan and vertical section of an upper cold 
front between To and Pp air. When the warm air is in a transitional 
stage between Pp or Pc and To, it may not be sufficiently unstable to 
cause thunderstorms. If not, the rain produced may still be heavy. 
As shown in figure 147 the rain area may be of considerable width. 
This causes a large area of low ceilings and visibilities which for all 
practical purposes may be zero, particularly at night. This is also the 
area where pressures are changing rapidly. The altimeter must be 




SQUALL LINE 
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VERTICAL SECTION ALONG A-B 



Figure 142.— Cold-front thunderstorms. 
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frequently reset to its proper value. The combination of circum- 
stances outlined above has led to serious and costly airplane accidents. 

(3) The thimderstorms occur in the warm air and the warm air 
usually moves to the northeast, hence the thunderstorms usually 
move to the northeast. The cold front usually moves to the south- 
east developing thimderstorms as it moves, thereby making it appear 
that the thunderstorms are moving to the southeast. When it is 
absolutely necessary to fly through a squaU hne, it is perhaps better 
to fly in the thickest part of the thunderstorm rather than the small 
clear spaces that may exist between thunderstorms, because there is 
usually more severe tiu'bulence in or along the edges of a clear space. 
If the clear space is a mile or more in width, the vertical velocity 



gradients near the center will probably not be severe enough to prevent 
safe transit. 

(4) It is desirable to fly along a cold front as briefly as possible. 
When the point of take-off and the destination require flight along 
the line of a cold front, it is better to alter the course so that the 
flight line is perpendicular to the front at the point of crossing as 
shown in figiu'e 144. 

116. Tornadoes. — A tornado is a very violent storm of small 
extent with intense cyclonic rotation accompanied by heavy rain, 
usually Ughtning, and frequent hail. Tornadoes are distinguished 
from hurricanes by their extent and continuance. They are usually 
only a few hundred yards in diameter and their track on the ground 
less than 25 miles in length. In the United States, they occur most 
frequently in the central portion of the Middle West but they have 
been reported from every State in the Union. Because of their short 
extent, they do not appear on a weather map and forecasting them is 
so difficult that most forecasters refrain from the practice. 



SURFACE COLD FRONT 




PLAN 



VERTICAL 5ECTI0N OF SURFACE AND UPPER COLD FRONTS 

Figure 143. — Thunderstorms along surface and upper cold fronts. 
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a. Causes. — Tornadoes result from extreme instability and are 
almost invariably associated with severe thmiderstorms. Most of 
the tornadoes in the United States occur in the late spring and early 
sunamer, with a secondary maximimi in the fall. They usually 
occur along or a short distance in advance of a cold smiace front 
between Pp and To air. Usually this surface front has, sometime 
in its trajectory east of the Rocky Mountains, acted like a warm 
front with the Pp air overrimning the To, and formed an upper cold 
front. Due to adiabatic heating, radiation, and surface heating, 
Pp air, diuing certain seasons in the western Great Plains district, 
becomes warmer than the To and overruns it. The ascent over the 
Tg air causes adiabatic cooling which may destroy this delicate 
stability relation between these two air masses. The wind velocities 
in the Pp and the discontinuity surfaces between 
the two air masses help to maintain the Pp above ^^^''^^^^^n 
the Tg in their unstable relationship. Convective 
activity initiated in the To along the upper front 
helps to destroy this unusual situation of a more 
dense air mass overlying a lighter one and the result- 
ant overturning probably aids greatly in the for- ^ vtake off 
mation of tornadoes in this region. Each tornado ^ o 

° Figure 144. — Reoora- 

is probably initiated by thunderstorm activity in Song afrontf***^ ^^^^ 
Tg, and in most cases the thimderstorm activity 
is caused by the Pp lower or upper cold front. Tornadoes have been 
observed to occur entirely within one air mass but always in con- 
nectioii with thunderstorm activity. They apparently grow out of 
the roll cloud as it bends down toward the earth. This probably 
accounts for the close relation between tornadoes and thunderstorms. 
6. Movements. — (1) Tornadoes build down from above. 

(2) They may strike the surface at one point and then skip some 
distance before they reach the sm^face again. 

(3) They move with the prevailing wind. The movement of the 
front may create new tornadoes giving a false impression of individual 
motion. Whether a tornado builds down to the surface or whether 
it apparently skips along depends largely upon the relation between 
the winds aloft and the surface winds. Strong winds aloft with light 
surface winds will cause the upper portion of the tornado to be carried 
ahead and may Uft the tornado from the ground or destroy it com- 
pletely. Winds aloft of about the same velocity as those near the 
ground will cause tornadoes of longest duration and intensity. The 
same factors which help or hinder convections in thimderstorms 
similarly affect tornadoes. 
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(4) Winds in a tornado vortex may exceed 500 miles per hour and 
the centrifugal force in a tornado causes a large reduction of pressure 
in the center of the whirl. Houses in the path of a tornado may seem 
to explode. Dust and debris are picked up by the suction effect 
giving the tornado the appearance of a black, sinuous cone extending" 
from the ground up to the base of the clouds. The appearance is so 
typical and the extent so small that in daytime the path may be 
avoided without difficulty. Since, like thunderstorms, they move 
with the prevailing winds, the path of an observed tornado may be 
roughly forecasted. A pilot should never get caught in a tornado 




Figure 145.— Small tornado in Tg air at Randolph Field, Tex., September 15, 1938. It reached the ground 

later. 



except possibly at night and even then the accompanying Hghtning 
should give a good clue as to its location. 

c. Water spouts. — True water spouts are tornadoes that occur over 
water. They have been so named because of the ocean spray they 
draw into their funnels. 

d. Whirlwinds. —SmaR whirlwinds frequently occur over land and 
are initiated by surface convection on hot days. When they pass 
over loose dry soil they form ''dust devils" or "dust whirls/' They 
may occur with clear skies. When they occur over the ocean they 
may be called water spouts, 

116. Dust storms^ — Dust storms are composed of dust picked up 
from the ground or a combination of dust and ashes from a volcano. 
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Volcanic dust storms rarely constitute a hazard to aviation, especially 
in the United States. Probably the most severe volcanic dust storm 
of recent years occurred when Krakatoa, a volcano in the East Indies, 
blew up in 1883. Dust and volcanic ash from this explosion circled 
the world several times and would have undoubtedly constituted a 
hazard to aviation near its source, had there been aviation at that 
time. Europe once experienced a black pall over the skies for almost 
an entire summer due to the eruption of a volcano in Iceland. 

a. Sources. — The formation of a dust storm requires a dry source of 
loose soil or sand. Areas covered by vegetation or windbreaks con- 




73 
J 

4 



Figure 146, — Tornado forming and its progress. Loft, tornado cone forming. Center, fully developed cone 
as it reached the earth. Right, tornado striking farmhouse which appears to explode. 

sisting of rows of trees, even in arid regions, rarely provide a source 
for dust. Soil in arid regions, outside of sand-dune areas, that has 
never been cultivated is very resistant to erosion by winds. In these 
areas, dry stream and lake beds, freshly ploughed ground, dunes, and 
relatively bare ground are excellent dust sources. The condition of 
the soil and the expected wind velocities and direction are the factors 
for the forecaster to determine. Snow cover and recent rain will 
prevent the formation of dust. In arid regions, where run-off and 
evaporation are rapid, the effect of a recent rain may be shortly 
nullified. The forecaster must estimate when the ground will be dry 
enough for dust to be picked up. Wind velocities greater than 15 
miles per hour will pick up dust but velocities of 25 miles per hour or 
more are required to pick up enough dust to cause a dust storm. 
These storms may be local in character or may cover several States. 
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Dust from the western Great Plains region has been observed in New 
England, The most severe dust storms in the United States originate 
in the '*dust bowl" which includes the northwestern part of Texas, 
western Oklahoma, Kansas, Nebraska, eastern Colorado, and north- 
eastern New Mexico. Dust storms from this region usually migrate 
to the south, southeast, and east behind strong cold fronts. Their 
eastern and southern limits are usually the Mississippi River and the 
Gulf of Mexico. 

b. Characteristics, — A severe dust storm approaches the station 
as a long dense black cloud and may reduce the ceiling and visibility 
to zero. The front of the dust cloud may be hundreds of miles long 




FiGUBE 147,— Dry lake source of dust. 1' holograph taken 16 miles west of (Juadalupe Pass, Tex., looking 
nortb- northwest from 9,000 feet on March 1, 1939. 

and usually extends up to 10,000 feet and often much higher* The 
vertical extent of the dust storm depends upon the stability of the air 
mass in which it is formed. It may be limited by a strong inversion, 
but the velocities associated with dust storms are usually sufficient 
to cause the vertical extent to be as indicated. Dust picked up at the 
surface has been observed to reach the 15,000-foot level in 1% hours. 
The frontal dust storm is usually so well defined that a pilot may alter 
his course to fit the situation. In the case of severe dust storms, the 
pilot must stay ahead of the front or land before the front passes because 
the ceilings and visibilities thereafter will be below the minimums re- 
quired. Very low ceilings and visibilities may persist for several days 
or pass in a few hours, depending upon the situation and the location 
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of the station in reference to the dust's source. The farther away 
from the source, the more rapidly will the ceiling and visibility rise 
above the minimum requirements. The front of the dust storm moves 
with the velocity of the surface front. When reports are available, its 
rate of approach and time of passing at any particular station may be 
accurately forecast. Reports from pilots in the vicinity of a dust 
storm are of great aid to forecasters. 

c. Air masses. — The dust storms behind cold fronts may occur in 
Pp or Pc air but usually they occur in Pp because of its more unstable 
lapse rate even though frequently the velocities in the Pc air are 
higher. The Pp air may have recently come across the Rockies or 




FiQUBE 148.— Sandy soil, dry stream hvd, and sand dune sources of dust. Photograph taken 20 miles east o f 
El Paso, Tex., looking north from 8,500 feet on March 1, 1939. 



may have had some period of stagnation in the southwestern United 
States, Dust storms do occur in the warm sector, particularly when 
it consists of modified Pp air. These storms usually take a north- 
easterly trajectory and are frequently pinched out of To with its 
showers, thunderstorms, and trajectory over a dust-free area, 

d. Local dust storms. — These occur when either the soiu-ce of dust 
is limited or the strong winds are local in character. Local sources 
of dust are usually dry stream and lake beds, sand dunes, unsurfaced 
and unsodded landing fields, and scattered areas of recently culti- 
vated dry soU in arid or semiarid regions. Local strong winds result 
from topography, thunderstorms, tornadoes, or dust whirls. The 

Santa Ana'' of the Los Angeles Basin is a local strong wind resulting 
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from the orientation of adjacent mountains and passes to passing 
pressure systems. It comes from the northeast through Cajon and 
San Gorgonio passes, picking up dust and sand in the valley. It 
progresses southwestward in a well-defined stream, often beyond 
Santa Catalina Island. It has produced wind velocities in San Pedro 
Harbor that were destructive to shipping. 

e. Blowing sand.—ThxB occurs in sandy areas under the influence of 
strong winds. It remains at low elevations but has sufficient force 



to scour paint and windshields and may cause damage to airplane 
engines. 

/. Blowing snow. — This occurs when strong winds pick up fresh, 
dry snow. Visibility may be reduced to zero near the surface in 
blowing snow. 

117. Hurricanes. — A hurricane is an unusually violent cyclone of 
tropical origin. In the East Indies and Chinese seas, a hurricane is 
known as a ''typhoon.^ ^ These storms are very destructive to ship- 
ping, cause heavy rains, excessive tides at adjacent coastal areas, 
and will dislodge works of man or nature that are not firmly anchored. 
They occur chiefly in August, September, and October. 

a. Origin —Th^ origin of hurricanes has not been definitely estab- 
lished. One theory holds that they start from waves induced upon 
the equatorial front by the approach of a branch of the polar front. 
It is almost uniformly agreed that a hurricane starts when equatorial, 




Figure 149.— Dust storm with rapidly lowering visibilities. 
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tropical, and modified polar air masses meet at a common point. 
This idea has been verified to some extent by the fact that many 
hurricanes have been found to occur along old polar fronts that have 
been carried into tropical latitudes. Assuming an established wave, 
the energy released by the heavy precipitation is so great that the 
young cyclone rapidly progresses until almost complete occlusion has 
taken place. Circular isobars about the center follow as with extra- 
tropical cyclones. 

6. Characteristics. — The hurricane maintains itself by the energy 
it picks up in the form of water vapor from the tropical sea or ocean. 
It differs from a tornado in many respects but chiefly in its extent. 
A hurricane usually has a diameter of 400 to 600 miles with a rela- 
tively calm area at the center 15 to 30 miles in diameter. Associated 
winds may vary from 8 miles per hour to more than 125 miles per 
hour. From the air, an approaching hurricane looks like a typical 
warm front except that the approaching edge of the cirrus clouds is 
more circular. As the center is approached, ceilings and visibilities 
come down, precipitation increases, turbulence increases, and flying 
becomes more uncomfortable and hazardous. 

c. Movement. — In the Tropics of the Northern Hemisphere, hurri- 
canes move west and west-northwest with the direction and velocity 
of the prevailing winds. At about 23}^^ latitude, they curve north- 
ward then move to the east under the influence of the earth's rotation. 
Exceptions to this general movement occur, especially in the middle 
latitudes. A pressure trough or strong front to the west of a hurri- 
cane will attract the hurricane and cause its course to be more 
northerly with possibly a westward component. The rules for the 
movement of pressure centers apply to hurricanes. 

d. Dissipation. — Movement over land quickly destroys the inten- 
sity of a hurricane. Four hours over land causes a great decrease in 
strength and hurricanes have disappeared entirely before 12 hours 
over land have elapsed. Frequently they continue on through the 
middle latitudes as extra-tropical cyclones. A water trajectory, 
especially over the Gulf Stream, helps to maintain their intensity. 
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118. Physical process. — The formation of ice on aircraft results 
from the freezing of water upon surfaces of an airplane. This ap- 
parently simple process involves such various factors as condensation, 
solidification, evaporation, and sublimation, all of which are dependent 
in part upon temperature and hxunidity. Water vapor changes from 
the gaseous to the liquid state by condensation upon nuclei which are 
chiefly sea salt particles but may be air molecules, dust, or smoke 
particles. The heat of condensation, about 600 cal./cc.,is released 
upon condensation of water vapor. When the water freezes, it changes 
from the liquid to the solid state and releases about 80 cal./cc.,this 
being known as the heat of fusion. Sublimation occurs when the 
water changes directly from the gaseous to the solid state and is 
accomplished by the release of the sum of the above two amounts of 
heat. The reverse of these three processes absorbs heat in like 
amounts. 

119. Supercooled water. — Supercooled water exists in super- 
cooled water clouds and in supercooled rain. In the majority of 
cases, icing occurs in supercooled water clouds, very rarely in super- 
cooled rain. Ice clouds, that is, clouds containing only ice crystals, 
present no icing hazard. The small particles do not stick to the sur- 
faces of an airplane. Water clouds are the result of condensation of 
water vapor contained in the air upon condensation nuclei, which are 
very minute particles of hygroscopic substances of several hundred- 
thousandths of a millimeter in diameter, normally fluid. Water 
clouds can form at temperatures above zero as well as at much lower 
temperatures. As the temperature decreases from 0° C, the for- 
mation of water clouds becomes continually less probable while the 
probability of the formation of ice clouds increases. Ice clouds are 
formed by the sublimation of water vapor upon sublimation nuclei 
which, in contrast to condensation nuclei, are solid and insoluble in 
water. Below about — 15° C. to —20° C, ice clouds form instead of 
water clouds provided sublimation nuclei are present. The fact that 
liquid water exists in the atmosphere at temperatures below freezing 
is of prime importance in ice formation on an airplane. Such water 
is known as supercooled water. Various explanations have been 
offered for this phenomenon but none of them appear to be completely 
satisfactory. One states that since the condensation nuclei are salts, 
the freezing temperature will be lowered. Another offers the idea 
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that the hail stage, which is left out of current thermodynamical 
diagrams, may assume rather great thicknesses. In any event, it 
seems reasonable to believe that the arrangement of the molecular 
a^regates in water droplets may be retarded in some way so that they 
cannot assimie the arrangement required for solidification. The fact 
remains that water can persist in the atmosphere as liquid droplets 
at temperatures as low as —40^ C. These facts and ideas allow the 
reasonable conclusion that the agitation of supercooled drops caused 
by striking an airplane may cause their solidification. 

120. Types of ice. — a. Clear ice is a clear, hard, amorphous ice. 
It is the most important type of ice for the pilot to consider. It 



forms a blimt nose on the wing as shown in figure 150, adds weight, 
reduces the aerodynamic efficiency of the wing, and thereby reduces 
the lift. Clear ice may form at temperatxires from 0*^ C. to —22° C. 
About 80 percent of the clear ice forms at temperatures of —8° C. 
or higher. 

6. Rime is an opaque, whitish ice with a granular texture. It is not 
so tenacious in its formation on an airfoil and does not destroy the 



characteristics of the airfoil, but it may add considerable weight. 
Rime may form at temperatures from 0° C. to —30° C. Only about 
55 percent of the rime that occurs forms at temperatures below —8° 
C. Usually, heavy coatings of ice on aircraft consist of both rime 
and clear ice. 

c. Frost is smaU separate crystals of ice. Frost is of little impor- 
tance in the icing of aircraft while in flight. However, frost deposits 
on parked airplanes should be cleaned off before take-off as they may 
inhibit action of the controls, especially during take-off. 

121. Aircraft ice formation theory. — ^Various ideas have been 
presented to account for the formation of ice on aircraft. The follow- 
ing theory is now generally accepted: 

a. Let it be assimied that 1 cubic centimeter of liquid water exists 
in the atmosphere at a temperature of — 8° C, the temperature of the 
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Figure 160.— Clear ice on an airfoil. 
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FiuuKK 151. — Kime on an airfoil. 
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free air. This water must freeze at 0° C. and since 1 calorie of heat 
is required to raise 1 cubic centimeter of water 1° C, it will require 8 
calories of heat to raise this amount of water to 0° C. In order for 
any portion of the cubic centimeter of water to freeze, it must release 
its share of the 80 calorie heat of fusion. Therefore the freezing of 
Ko of the cubic centimeter will release the amount of heat necessary 
to raise the entire cubic centimeter to 0° C. and leave the remaining 
Yio of the cubic centimeter as liquid water at 0^ C. to be blown back 
over the airfoil. The higher the temperature of water, the greater 
its vapor pressure or tendency to evaporate. The water being blown 
back over the airfoil, now has a temperature of 8^ C. h^her than that 
of the vapor in the surrounding air. Thus the initial ice formation 
facilitates the evaporation of the remaining %o of the cubic centimeter. 
This evaporation is also aided by the greatly reduced pressure at the 
upper forward surface of the airfoil. The release of 72 calories of 
heat is all that is required to freeze the entire remaining portion of 
the original cubic centimeter. 72 divided by 600 gives the portion 
of the original cubic centimeter that must be evaporated in order to 
freeze %o of the cubic centimeter. If we assiune that the entire %o 
of the cubic centimeter will not be frozen because of evaporation of 
part of the amount, it becomes evident that about % of the unfrozen 
portion of the original cubic centimeter must evaporate to freeze the 
remainder of this portion. Under the conditions specified above, it 
is assumed that this will be accomplished in a very short space of time 
thereby causing % of the original cubic centimeter to be frozen shortly 
after impact upon the airfoil. This freezing process is further aided 
by the fact that the relative humidity in clouds is usually less than 
100 percent. 

6. When the majority of the water droplets freeze upon impact, 
rime is formed. This is more likely to occur, the lower the tempera- 
ture and the smaller the size of the water droplets. The size of the 
droplets is believed to be the controlling factor, hence small droplets 
will form rime and large ones will form clear ice. 

c. In the atmosphere, there frequently exists supercooled rain or 
clouds containing supercooled droplets of water. Upon contact with 
the airplane, the supercooled water, whether it be in the form of rain 
or cloud droplets, congeals, producing ice. 

d. The supercooled rain, formed of large drops which spread out 
in striking the airplane, gives rise to a layer of solid transparent ice. 

e. The clouds of supercooled water give, according to size of the 
droplets of which they are composed and according to their tempera- 
ture, clear ice or rime, or commonly a combination of both. The 
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thickness of the layer of ice produced may be considerable. In 2 
or 3 minutes, a dangerous layer of ice several centimeters in thickness 
may be produced. In estimating the temperature of a cloud, the 
indicated free air temperature must not be relied upon too rigidly 
after ice begins to form upon the exposed temperature element since 
an erroneous reading may be caused by the absorption of the latent 
heat of fusion of the water by the tempera tiu'e element. 

122. Factors influencing formation of ice. — The rate of deposi- 
tion of ice depends on — 

a. The mass of liquid water traversed per minute by the airplane. — 
(1) The rate of deposition is greater, the greater the speed of the air- 
plane. A free balloon, moving with the wind, rarely experiences 
icing. Captive baUoons and kites exposed to prevailing winds imdergo 
serious icing only when exposed to the falling of supercooled rain. 

(2) The more Uquid water a cloud contains, the more rapid the 
rate of deposition. The amount of water in a cloud may be roughly 
judged by the visibihty within the cloud. The more water the cloud 
contains, the less the visibihty within the cloud. 

6. The rate of freezing of supercooled water. — (1) The importance of 
the rate of freezing of supercooled water increases from to about 
— 8° C. and then diminishes to become insignificant at very low tem- 
peratiu-es. Melting ice is usually very slick and smooth but ice with- 
out a film of water is a very sticky, tenacious substance. Clear ice is 
much more sticky than rime and chngs very tenaciously to even a 
smooth surface. 

(2) As the temperature decreases, the ice becomes less and less 
compact and tenacious. Below —12° C, rime is usually formed 
which is very brittle and contains many interstices which make it 
subject to the effects of wind and vibration. The ice that is the most 
serious and the most adherent is formed at air temperatures between 
and -8° C. 

c. Form of the body. — ^A body presenting a rough surface ices more 
readily than a body with a polished siu-face. 

d. Size of the droplet. — The larger the droplet, the more readily clear 
ice forms. The smaller the droplet, the more readily rime forms. 

123. Icing in clouds. — Icing of aircraft may take place in any 
cloud which contains supercooled water droplets. In general, icing 
is more severe in cumuliform clouds than in stratiform clouds. 

a. In cumuliform clouds. — The vertical motions, which give cumuli- 
form clouds their characteristic appearance, support large droplets and 
make the formation of clear ice more frequent in this type of cloud. 
Cumulifojm clouds form in unstable air. Therefore, clear ice is more 
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likely to form in clouds in unstable air than in stable air. The insta- 
bility may be due to steep lapse rates or mechanical turbulence caused 
by large vertical velocity gradients. Mountains may have some effect 
in producing instability within an air mass by causing the potentially 
unstable air to be lifted to its saturation level. To air is often charac- 
terized by its potential instability; hence, the combination of tempera- 
tures near freezing, To air with its large water content, and mountains 
is almost sure to produce icing conditions. This combination of fac- 
tors occurs in winter, particularly over the Appalachian Mountains. 
In winter, Pp air contains considerable moisture in its lower levels by 
the time it reaches our Pacific coast and is also unstable in the lower 
levels. When Pp air crosses the Cascade, Sierra Nevada, and Rocky 
Mountains, serious icing conditions frequently result. The formation 
of supercooled water in the atmosphere may perhaps be understood 
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Figure 152.— Distribution of ice and water cloud layers in the progressive stages of development of a 

cumulonimbus cloud. 

by considering the condensation and sublimation products formed in 
a cumuliform cloud. The ice and water cloud layers in the formative 
stages of a cumulonimbus cloud are shown in figure 152. The small 
cumulus cloud formed first consists of water droplets only, hence is a 
supercooled water cloud above the 0° C. boundary (dashed line in 
fig. 152). On further growth, the ascending air current reaches the 
critical temperature where sublimation upon the sublimation nuclei 
begins. From then on only ice crystals are formed. The supercooled 
water droplets, carried by the rising air current into the uppermost 
part of the cloud, evaporate quickly and the water is redeposited 
upon the ice crystals as ice, because the water vapor absorption capac- 
ity of ice crj^stals at low temperatures is considerably greater than 
that of water droplets. In the zone where supercooled water droplets 
occur along with ice crystals, the ice crystals grow rapidly by the addi- 
tion of ice from the transformed water of the water droplets. When 
the grains of ice cannot be held up any longer by the rising air currents, 
they drop. On dropping through the broad layer containing the 
supercooled water droplets, the ice crystals grow still more in the same 
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fashion as the leading edges of an airplane are coated with an ice layer 
by such a supercooled water cloud. Thus hailstones are formed. 
Tlu'ough the continuous descent of ice crystals, the supercooled water 
droplets are gradually eliminated. The supercooled water cloud dis- 
appears, but the ice cloud pushes down from above to take its place. 
Soon the dropping ice particles are unable to grow as fast as before. 
Remaining smaller, they melt on dropping below the 0^ C. boundary 
and form raindrops. With the progressive shrinkage of the water 
cloud, the rain intensity gradually abates. From the course of the 
precipitation, the formative stages of the cumulonimbus cloud can at 
any time be recognized, hence the stratification of ice and water 
clouds and the position of the zone of ice formation can be determined. 

b. In stratiform clouds, — (1) The principles given in a above can 
also be used for stratiform clouds as illustrated in figure 153. No 



normal rain falls from water clouds. They may produce a drizzling 
rain which, however, will not fall to the ground unless the clouds are 
low and the humidity is high. For this reason, the stratocumuli in 
figure 153 are not causing rain. From the absence of rain, it can be 
concluded, from the ground, that these clouds are water clouds in 
which icing conditions must be present because they lie above the 
0^ C. boxmdary. The altostratus clouds shown cause no precipitation 
at the ground because their lower edges are very high and the falling 
ice crystals evaporate in the dry layer below them. Through the 
continued falling of ice crystals, the air below the altostratus becomes 
more and more humid and the lower boundary of the ice cloud sinks 
from right to left (fig, 153), Ultimately the ice crystals reach the 
supercooled water clouds where they quickly form ice pellets, fall 
rapidly, and finally turn to raindrops. The start of a moderate or 
heavy rain on the ground is typical of the cloud stratification shown in 
figure 153. At the same time, it indicates the dissolution of the super- 
cooled water clouds. 




FiouEE 153.— Stratifonn ice and water clouds (formative stages of nimbostratus). 
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(2) The rain stops temporarily or at least slackens. The ice crystal 
cloud continues to sink on account of the falling motion of the crystals 
and finally reaches the zero level. Then the altos tratus becomes a 
nimbostratus ; fimdamentally both types of clouds are identical. 
Near the zero boimdary the ice crystals combine to form snowflakes 
which, during further fall, melt into raindrops and result in a light to 
moderate rain. In winter, when the zero level is low or below the 
ground's surface, the snowflakes do not melt and the snow reaches 
the ground. The lower level of the nimbostratus, the true rain cloud, 
lies near the 0° C. boundary, since below that level, all small ice 
crystals must melt. Below the nimbostratus new water clouds are 
almost always formed because of convections. The high humidity 
underneath the rain cloud allows new clouds to form readily. These 
lower tattered clouds (fractostratus or fractocumulus) produce no 
precipitation, but increase the intensity of the rain if they extend above 
the zero level. The ice crystals dropping through these clouds 
become much larger and the rain on the ground then becomes heavier 
for a while. This indicates the formation of supercooled water clouds 
and the existence of a fresh icing layer that is a little above the zero 
level. 

(3) The upper level of the ice crystal cloud, water clouds (alto- 
cumuli) are often formed because sublimation nuclei have been 
carried away and new vertical movements can only produce water 
clouds. On accoimt of this, there is almost always danger of icing 
in the uppermost layer of the rain cloud. Although the altocumulus 
layer is usually about 200 to 300 meters thick, it may occasionally 
extend for 1,000 meters or more. This condition exists in clouds 
from which rain has fallen for a considerable period of time and from 
which only a little rain is falling. It is apparent that dependable 
precipitation records give a very satisfactory indication of the ice 
and water cloud layers. 

(4) Rime may be expected more frequently in stratiform clouds than 
in cumuliform clouds. Vertical motions are at a minimum in strati- 
form clouds or else they would not maintain their stratiform appear- 
ance. Since vertical motions aid in the formation of large drops, the 
drops in stratiform clouds are usually smaller and when struck by an 
airfoil they freeze upon impact to form rime. Thick stratiform clouds 
are more conducive to clear ice than thin ones. 

c. Along fronts. — (1) About 85 percent of the observed icing of 
aircraft occurs in frontal zones. Typical warm front clouds are 
stratiform in character and rapid movement up the warm front may 
contain only a small vertical component, but the small lift of a great 
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mass of warm air may produce thick cloud systems and heavy pre- 
cipitation with larger drops than otherwise might be expected from 
stratiform clouds. The potential instability of the warm mass may 
be released to form cumuliform clouds. Clear ice or a combination 
of clear ice and rime may result. Warm front cloud systems are often 
of great extent, thereby causing flights in them to be of long duration 
with a subsequent increased danger of severe icing. 

(2) The overrunning warm air may be above 0^ C. in the lower 
levels and thus prevent icing in that region. If clouds in the warm air 
are thick and the temperature just above the frontal surface is only a 
few degrees above zero, the upper portion of this cloud system may 

14000— -io*— — — """" p^H^ ZTZZIirr:::^::^ 



well be considerably below 0° C, thus providing a transition zone 
within the cloud system that is conducive to icing. 

(3) Cold fronts are associated with cumidiform clouds and are 
more likely to cause clear ice. The cold front cloud system is rela- 
tively narrow compared to the warm front system so that the period 
during which icing may take place on a flight across the frontal zone 
is shorter. However, the combination of clear ice and a higher rate 
of accumulation makes cold front icing zones extremely hazardous. 

d. Appearance oj clouds, — Observation of the clouds oft'ers sub- 
stantial aid in the determination of icing zones. Ice and water clouds 
exhibit characteristic differences in their appearance. With some 
experience in observation, from the ground or from an airplane, it can 
be reliably ascertained whether a cloud contains ice crystals or water 
droplets or both, when the level of the 0° C. boundary is known. The 
pilot usually has the opportunity to determine the location of this 
level with extreme accuracy. With this information at hand, he can 
tell whether a cloud presents an icing hazard or not. The ice clouds 
contain fewer but larger particles than the water clouds. Hence they 
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Figure 154. — Warm front icing situation. 
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are optically thinner and appear sometimes merely like heavy mist. 
Their borders are hazy because the large particles drop rapidly and 
evaporate more slowly outside the clouds than the much smaller 
water drops. Water clouds are sharply outlined, particularly if they 
are growing. When the clear cut contours and the cauliflower 
appearance of a cloud start to become indistinct and hazy, and when 
the overall appearance of the cloud becomes fibrous in character, the 
change of a water cloud to an ice and water or ice cloud is indicated. 

e. Reclassification of clovds. — The old but improved method of 
classifying clouds according to form and height affords no safe criteria 



for distinction between ice and water clouds. When new viewpoints 
are applied to the known classification, the following should be funda- 
mentally classified as ice clouds: Cirrus, cirrostratus, altostratus, and 
nimbostratus; as ice and water clouds : cumulonimbus and altocumulus. 
In very cold weather, stratocumulus and cumulus may occasionally 
consist wholly of ice crystals. Generally, all other clouds are water 
clouds throughout. Ice particles from some other source may on 
occasion drop through these clouds. Figures 155, 156, and 157 show 
the typical differences in the appearance of ice and water clouds. 

/. E;ffect of speed on zero boundary, — To estimate whether icing is 
imminent in a cloud requires knowledge of the temperature as well 







Figure 155.— Top of a stratified water cloud (stratocumulus). 
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as the determination of the particle type. As far as the pilot is con- 
cerned, the height of the 0^ boundary is sufficient. This can be de- 
termined fairly accurately from upper air soundings and reported 
ground temperatures. However, in forecasting the 0° boundary 
from the ground, it is absolutely essential to bear in mind that the 0° 
level varies with airplane speed. Because of the impact and friction 
of the air on the airplane, the temperature of the airplane is always 
higher than the air temperature and the differential increases as the 
airplane speed increases. Due to this fact, the 0° level of an airplane 
in flight is always liigher than the meteorological 0^ level. In cloud 
flying at altitudes between 3,000 and 7,000 feet, the following figures 
are applicable : 

Flying speed (miles per hour) ^_ 100 150 200 250 300 

Approximate lifting of boundary (feet) 350 800 1, 500 2, 350 3, 400 



The conventional types of airplanes today reach the 0° C, level, and 
hence the base of icing layers, at heights which are at least 600 feet 
above the meteorological zero level. This effect is especially favorable 
for high-speed airplanes. During flight, the pilot should watch the 
free-air temperature closely and remember that it does not indicate 
the meteorological but the increased temperature. Since the tem- 
perature rise in flight through a cloud is about 40 percent lower than 
outside of it, he must, before flying into dangerous ice clouds, seek an 
altitude where the thermometer depending upon flying speed reads 
at least 0,5° to 2^ C. above zero. 

g. Over mountains. — (1) Icing is more probable and more severe in 
mountainous areas. Mountain ranges cause upward motions on their 
windward side in air that is moving across them. Vertical motions 
over the ridges will support large droplets. The most severe icing 
will take place above the crests and to the windward side of the ridges. 

(2) The movement of a front across mountains brings together two 
important factors that aid in the formation of icing zones. A study 
of icing in the western United States has shown that almost all of the 




Figure 158. — Section across parallel ridges showing most dangerous icing arras. 



232 



Dig- 




Original from 
UNIVERSITY Of CALIFORNIA 



WEATHER MANUAL FOR PILOTS 



TM 1-230 
123 



ice cases occurred where the air was blowing over a mountain slope or 
up a frontal surface or both. 

(3) The general north-south orientation of mountain ranges in the 
United States presents their western flanks to the prevailing westerlies 
of the middle latitudes. The instabiUty of any potentially unstable 
air may be released by the lift acquired. 

(4) Due to their elevation, moimtainous areas aid the formation of 
icing zones during a greater portion of the year than flat country. 
Icing zones in moimtains frequently are not as easily avoided as over 
smooth terrain. The zero and saturation levels are below the tops of 
ridges, even in daytime, whereas there is usually some ceiling below 
icing zones over flat country during the day and even at night. 

h. Air masses. — The large majority of icing cases occurs in winter in 
Pc air that has crossed the Great Lakes, To air over the Appalachian 
Moimtains and in fresh Pp air that is crossing the Cascade, Sierra 
Nevada, or Rocky Mountains. These three air masses are potentially 
unstable (imstable for the saturated state), Pp throughout about 2 
kilometers, Tg to about 5 kilometers, and Pc for about 1% kilometers, 
by the time they reach the areas mentioned. The vast majority of 
icing in Pp air takes place in air that is less than 3 days from its source 
region. Tg air that is modified Pc air which has been "conditioned" 
by a brief trajectory over the South Atlantic Ocean or the Gulf of 
Mexico has the highest degree of potential instability and is conducive 
to severe icing in the upper levels. RPc that has been modified by 
rain from To often contains icing zones, especially when ahead of a 
secondary cold front. The safest method by which to fly over a 
moimtainous area in which icing zones exist is to fly over the top. 
When this is impossible, the relation of temperature, fronts, mountains, 
winds, and air masses must be determined in order to avoid icing layers. 
This may necessitate flight beyond the destination in order to find a 
suitable place to let down. 

i. Zones. — Lifting by some method was taking place in all recorded 
cases of icing. Strong winds are conducive to heavy icing zones. 
However, the determination of icing zones on the basis of the available 
station reports and on the basis of the weather map must rely on the 
precipitation and cloud observations of the individual stations. Just 
as precipitation and clouds in different places are usually different, 
positions of icing zones vary. Uniform location and range of icing 
zones over extended regions are rare. Moreover, the icing zones are 
not tied in simple fashion to fronts or air masses. The icing hazard 
is often least in extended precipitation zones. Supercooled rain 
occurs occasionally in precipitation zones which have a marked 
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temperature stratification, but the icing hazard in supercooled rain 
is not very great so long as the flight through it is not protracted. 
The amount of water contained in air in supercooled rain is sub- 
stantially less than in the supercooled clouds. Even the vertical 
height of the icing zone is usually small in supercooled rain and can 
be readily predicted. The pilot can avoid icing zones and the icing 
hazard in most cases by using this information during flight. He 
should be particularly careful about the altitudes at which he flies 
when near icing zones. The layers in which icing may occur are 




WRIGHT FIELD PITTSBURGH MITCHEL riELO 

Figure 159.— Recommended paths between Wright Field, Pittsburgh, and Mitchel Field with Pc cold 

front over the Appalachian Mountains. 

usually restricted both vertically and horizontally. Their location 
can be ascertained with sufficient accuracy before take-off. 

124. Icing hazards. — Icing of an airplane causes the following 
serious or even dangerous hazards: 

a. Icing of the leading edges and the surfaces of an airfoil causes a 
deformation of profile which reduces the lift. 

6. Icing increases the weight. 

c. Icing increases the drag. 

d. Icing may destroy the equilibrium of the propeller and cause 
vibrations. It may freeze the controllable pitch mechanism of the 
hub. 

e. The control surfaces may be jammed or frozen tight and thus 
prevent pilotage. 

/. Retractable landing gear may become jammed. 
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g. Ice deposits on cockpit windows may prevent forward visibility. 

h. Radio reception and transmission are interrupted. Iced antennae 
and radio masts may be blown down. 

t. Air speed meters and venturi operated flight instruments may 
become useless. 

j. Ice thrown from the propellers may cause structural damage. 
125. Methods of ice protection. — Four methods of ice protection 
may be employed as follows: 

a. Thermal. — These consist of heating the exposed parts by heat 
generated through electrical resistance or by heat from the exhaust 
gases. Only small mechanisms such as the exposed portion of flight 
and navigation instruments and the radio antenna may be protected 
by these means since the amount of heat required for larger surfaces is 
prohibitive. It is probably not necessary to melt all the ice that is 
formed, as liquefaction of the surface of the ice in immediate contact 
with the airplane renders the rest of the deposit less adherent and 
more detachable by the wind and the normal vibrations of the 
airplane. 

b. Mechanical. — Vibrations do not prevent the formation of ice 
but they cause the ice to break from the contact surfaces. This 
principle is used in most de-icers that employ a pneumatic covering 
for the leading edges. Alternate inflation and deflation by air of the 
rubber covering cause the ice to crack and be blown away by the 
wind. 

c. Chemical. — These consist of coating the surface with a thick oil 
or varnish which prevents the adherence of the ice. The chemical 
coating must be constantly renewed in flight due to the scouring 
effect of wind and precipitation. These means are employed chiefly 
to prevent the formation of ice on propellers. Oil vents in the pro- 
peller hub aUow a small quantity of oil to continually stream over 
the propeller blades. 

d. Weather J or ecasting. — The principal task of the forecaster must 
be to inform the pilot of the zones in which there is danger of icing and 
the position of the isothermal surfaces of 0^ C. in relation to the cloud 
layers. In arriving at his conclusions, the forecaster must make 
use of available upper air soundings, structure of the air masses 
involved, frontal relationships, and knowledge of the terrain. The 
pilot may forecast for himself by remembering the synoptic situation, 
noting the type of clouds to be encountered, observing the indicated 
temperature, correlating recorded ground temperatures with the 
average lapse rate of the air mass in which he is flying, and considering 
terrain features. 
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126. Practical rules and conclusions. 

a. Severe icing usually occurs in clouds. 
6. Get out of the clouds. 

c. Going above the clouds will stop ice formation and evaporate 
existing ice slowly. 

d. Going below the clouds may increase the temperature to above 
0^ C, but it may also lead to a region in which subcooled rain is falling. 

6. Icing is most frequent and severe in frontal zones. 

/. The larger the droplets the more likely clear ice will form. 

g. The stronger the vertical currents and the more dense the cloud, 
the more water the cloud will contain and the more likely clear ice 
will form. 

h. The maximum vertical motions occur in cumuliform clouds. 

t. Sometimes at low temperatures in a thick cloud, no ice will form 
because the cloud particles are ice crystals already. 

j. In Tg and Pp air with cumuliform clouds and the right temper- 
atures, clear ice is almost certain to form. 

k. Mountains increase vertical currents, hence aid in the formation 
of severe icing conditions. 

/. Wherever stabiUty exists in clouds through which rain is not 
falling, the droplets are small and rime may be expected. 

m. Clear ice usually forms in maritime air masses. 

n. Rime occurs about four times as often as clear ice. 

0. Rime is less tenacious than clear ice and responds more readily 
to the action of de-icers. 

Know where the zero level is. 

g. High-speed airplanes have a higher zero level than slow airplanes. 

Section XV 
TERRAIN EFFECTS p^,,,pb 

General 127 

Monsoons 128 

Land and sea breezes 129 

Mountain ranges 130 

Local showers 131 

Flow over a mountain ridge z 132 

Flow through mountain passes and valleys 133 

Flow up long gradual slopes 134 

The Great Lakes 135 

Ocean shore lines 136 

127. General. — The distribution of land and water over the earth's 
surface has a marked effect on the general circulation of the atmosphere. 
In winter, from the middle latitudes northward, land areas are usually 



236 



Dig /Google 



Original from 
UNIVERSITY Of CALIFORNIA 



WEATHER MANUAL FOR PILOTS 



TM 1-230 
127-128 



colder than ocean areas. Hence, during the winter season, large 
high-pressure areas persist over land and large low-pressure areas 
remain over water. The accentuated temperature differential between 
these two types of surfaces causes the winter circulation to be more 
intense than that in summer. During smnmer, land areas are gen- 
erally warmer than the oceans, hence during this season, Lows exist 
over land and Highs over the ocean. 

128. Monsoons. — a. A monsoon condition exists where a complete 
reversal of air flow takes place between winter and summer with such 
a cycle occurring once a year. The monsoon effect is important in 
many places, the most notable being in India where the prevailing 
wind is offshore in winter and the warm moist air from the Indian 
Ocean moves onshore during the summer. This accounts for the 
abnormally large amount of precipitation in India during the summer. 

6. In the Gulf region of the United States, the prevailing wind is. 
offshore during the winter due to outbreaks from the Canadian and 
Great Basin Highs. The winter monsoon forces the Gulf air to the 
south and carries either the extremely cold air from Canada or brings 
the clear air from the Pacific to the Central, Southern, and Eastern 
States. The general offshore drift is frequently interrupted by a 
return flow from the Gulf. This reverse flow in winter brings either 
Tg air or some air mass that is approaching Tg in its characteristics. 
The most severe weather results from the interaction between return- 
ing masses and the outbreaks from the North. In summer, the land 
areas in the United States are warmer on the average than the Gulf of 
Mexico so that the flow is reversed during this season thereby causing 
a typical monsoon condition. Pc air becomes slightly unstable in 
the lower levels as it moves far to the south over land that is free from 
ice and snow. Figure 160 indicates the rapid increase in thickness of 
the unstable layer as it moves over the Gulf of Mexico in winter. 

c. The average extent of Tg air over the United States is much 
greater in summer than in winter. Midsummer thunderstorms along 
the Pacific coast occur in Tg air that has been forced far west of its 
normal trajectory by a westward extension of the Bermuda High. 
Southern and Southeastern States are almost continually occupied by 
Tg air in summer. Frequently it moves as far north as Canada during 
this season. The extent of the Tg air determines where showers and 
thunderstorms may be expected in summer. 

d. Monsoon winds from the ocean are cooler than adjacent land 
areas. Over land, the air becomes unstable through the excessive 
heating of the lower layers. Instability phenomena such as bumpi- 
ness, cumulus clouds, showers, and thunderstorms occur in the air 
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from the ocean when it forms a thick layer. The summer monsoon in 
India attains a thickness of about 30,000 feet. 

6. The coast of California is also affected by monsoon flow. During 
winter, the Great Basin High frequently causes offshore winds with 
resultant clear weather and unusually high temperatures. Adiabatic 
heating of air flowing out from the Great Basin provides the chief 



contributing cause of the mild winter climate of southern California. 
During summer, the interior land areas are much warmer than the 
adjacent Pacific resulting in a persistent sea breeze. Since ocean 
temperatures off the Pacific coast are between 50° F. and 60*^ F. 
during the entire year, the coastal regions are unusually cool during 



the summer and relatively warm during the winter. Areas along the 
Pacific coast experience similar temperatures during both winter and 
summer. The sea breeze on the Pacific coast of the United States in 
summer is so shallow that showers cannot develop. The thick cur- 
rents from the west are too dry and stable for clouds to form in them 
except along the higher mountain ranges. Showers in summer are 
rare. 

129. Land and sea breezes. — a. In addition to the seasonal con- 




FiouRE 160.— Winter monsoon of Pc air across the Gulf of Mexico. 




Figure 161. — Instability phenomena in thick summer monsoon. 
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trast of temperature between land and water, there is also a daily 
reversal of the temperature gradient which produces a similar but more 
local effect than the seasonal one. The local effect is most pronounced 
in summer because the diurnal variation in temperature over land is 
greatest then. During the day, the land is warmer than the ocean, 
while at night, the ocean is warmer than the land. Adjacent cold 
and warm sources are provided and the wind moves in accordance 
with the circulation principle. It blows from the sea to the land in 
the daytime to form the sea breeze, and from the land to the sea at 
night to form the land breeze. These winds are shallow and do not 
penetrate far inland when they do not coincide with the general air 
movements. The sea breeze is considerably stronger than the land 
breeze, sometimes attaining velocities up to 30 miles per hour. Land 
and sea breezes are more pronounced in tropical regions than in the 
higher latitudes where they are often submerged by the stronger winds 
of a more general nature. 

b. Along the Pacific coast, particularly in California, the sea breeze 
in summer has a pronounced effect on flying activities. This wind 
brings in the moist air from the Pacific Ocean that causes the per- 
sistent low stratus and fog of that area. This layer is usually about 
1,000 feet thick and is much colder than the warm air of the interior. 
The strong inversion produced confines the sea breeze to the lower 
levels and forces the stratus clouds or fog down on any ground that is 
much higher than sea level. The average velocity of the sea breeze 
through the Golden Gate at the entrance to San Francisco Bay 
during the early afternoon in July is about 25 miles per hour. Along 
the Gulf coast in summer, the sea breeze is aided by the general mon- 
soon effect and penetrates much farther inland than on the West 
coast. The sea breeze on the Atlantic coast is less pronounced because 
it is opposed to the general air movement. 

c. The front edge of the sea breeze may often be observed in the 
form of a distinct haze line that progresses inland during the day. 
Summer fog and low stratus do not form at stations that have not 
been passed by the sea-breeze front. When the sea-breeze air stag- 
nates in a local area such as the Los Angeles Basin for several days, 
it becomes very hazy and visibilities may be reduced to 1 mile or less. 
The vertical visibility is better than the horizontal visibility. This 
makes it possible to fly "contact'' when the horizontal visibility is, for 
all practical purposes, zero. 

130^ Mountain ranges. — Minor irregularities exist over any 
continent or land area. These irregularities may be mountains, val- 
leys, and gradual land slopes. Their effect is usually directly propor- 
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tional to theii size although small irregularities may cause unusual 
local effects. 

a. Effects on stable air. — (1) The stability of the air is of great 
importance when considering the flow about mountains. Stable air 
will resist a change of level imless the pressure gradient is sufficient 
to overcome the barrier eflfect of the mountam ranges. Stable air 
tends to diverge and flow around a mountain barrier. 

(2) This effect is often particularly noticeable in fog movements. 
An advective fog will first fill up the valleys and often leave the sur- 
roimding hilltops exposed. The air terminal at Burbank, Calif., is 
frequently protected from fog by the Hollywood hills. Another 
example exists in the San Francisco Bay area where the sea breeze 
coming in through the Golden Gate diverges over the bay and one 
portion runs north giving southerly winds at Hamilton Field, while 



another portion moves southward producing northerly winds at 
Sunnyvale. 

(3) The damming effect of mountain ranges produces an increase 
of pressure gradient on the windward side and a decrease of pressure 
on the leeward side. This is frequently shown by the flow of Pc air 
in central North America. The Rocky Mountains and the mountain 
ranges of Alaska usually keep the Pc masses to the east and as a result 
a large pressure gradient is built up along the Continental Divide. 
The high pressure gradient produced represents potential energy and 
hence has no effect on winds. The action of these mountains might be 
compared to that of a vertical glass plate between heavy and light 
liquids in a basin. No motion takes place until the plate is removed. 

(4) Stability of the air tends to prevent precipitation even if the 
air is lifted over mountains except that there may be mist or drizzle. 

b. Effects on unstable air. — The lifting of unstable air over moun- 
tains usually causes heavy precipitation and always heavy clouds. 




Figure 162.— Stable air flow around mountains. 
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Unstable air does not resist vertical motions, hence mountains do not 
form an effective barrier to the movements of unstable air. 

c, Foehn minds. — Winds blowing down the lee slope of a mountain 
are adiabatically heated and when the flow is of some magnitude it is 
known as a **foelm'' wind. The typical cycle of a foehn wind consists 
of flow up the windward side with resultant precipitation and the 




14 



Figure 163.— Pressure pradicnt caused by a mountain range. 

addition of the heat of vaporization to the surrounding air. Con- 
sequently, when the air descends on the leeward side, its temperature 
at any given level is higher than on the windward side. The Chinook 
wind is a local name for the foehn winds that come down off the Rocky 
Mountains. The Great Basin High causes foehn winds in the sur- 




FiGURE 164.— Mountain elleets on eastward moving J*p air in w IiiUt. 



rounding areas and the effects of these winds are felt from Washington 
to Florida. Foehn winds that move into southern California are 
about 27° F. warmer at the surface than they were in the Great Basin. 

d, EJfeds on approaching fronts. - -{I) Mountain ranges cause 
prefrontal rain due to the lift required to force the air over the moun- 
tains. Examples exist in the flow of Tg, Ta, and Pc across the 
Appalachian Mountains and the flow of Pp or Tp over the mountain 
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ranges of the Western States. When westerly winds strike the west 
coast, precipitation is caused, first by the coast ranges, and later by 
the Cascade and Sierra Nevada Mountains that are higher than the 
coast ranges. The air remains unsaturated over the Great Basin and 
surrounding areas causing the deserts in this region. When the air 
is lifted over the Rocky Mountains to higher elevations than it has 
been previously, clouds and precipitation again occur. Pp or Tp air 

do not cause precipitation east of the 
Rockies unless in connection with some 
new frontal system. 

(2) A front that is parallel to a mountain 
range will cause precipitation all along a 
mountain range. A front that is perpendic- 
ular to a mountain range will cause a small 

FiGUKK if>^5^--^prm^^^ precipitation area at the heart of the range. 

(3) The trapping of cold air by a moun- 
tain range causes continual lifting of air over a semipermanent warm 
front and produces continued heavy precipitation as shown in figure 166. 

(4) The top of the mountain ranges will normally be the last place 
that the warm front will appear. The warm front will usually go on 
over the top of the cold air to the lee of the mountain, causing continued 




Figure 166— Warm air lifted by trapped cold air. 



precipitation. An exceptionally strong pressure gradient may bring 
the warm front to the ground again but it usually remains aloft. 
A cold front or cold front type occlusion will dig out the trapped cold 
air and stop precipitation. 

(5) The retardation of a warm front at the southern tip of a high 
mountain range may form a secondary low center by causing a wave 
in the warm front. This sometimes occurs at the southern edge of 
the Rocky Mountains. 

(6) Frontogenesis frequently occurs and new waves are often formed 
along the discontinuity surface between foehn winds and colder air. 
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Tliis occurs to the lee of the Rocky Mountains where the foehn wind 
is Pp air. and the cold air ahead of it is Pc or RPp. Waves developed 
in this manner have a frequency of about 12 hours, and they follow 
each other from the east flank of the Rocky Mountains across the 
United States. Frequently the air masses associated with these waves 
are so dry that the lift required for the formation of clouds and 
precipitation is more than that given by the frontal system. The 
result may be a fairly well defined cyclone with clear skies. These 
systems often cause no precipitation until they encounter To air. 
Thick Pc air just east of the Rockies frequently causes blizzard 
conditions in winter due to the overrunning Pp or Tp. 

e. Valley and mountain breezes. — (1) Valley breezes occur during 
the day when the cold air in the valley replaces the warm air that 
rises from the mountainside. The valley breeze attains its maximum 
development in summer during the hottest part of the day. When 
the valley air is moist, it produces cumulus clouds along the flanks 
of the mountains. 

(2) The mountain breeze is the reverse of the valley breeze. It 
occurs at night when the air along the mountainside becomes colder 
than that in the valley and slides down the mountain. This wind 
may attain relatively high velocities in steep canyons. The effect 
of the valley and mountain breeze varies with the seasons and the 
insolational effects at different latitudes. 

131. Local showers. — a. The development of local showers in flat 
areas requires superadiabatic lapse rates, at least in the lower levels. 
In mountainous regions, steep lapse rates are not required because of 
the development of the valley breeze with resulting cumulus clouds 
and sometimes showers. In the later summer and fall, the westward 
extension of the Bermuda High may cause showers on the eastern 
slopes of the southern Rockies and Sierra Nevada Mountains. 

6. Showers that develop on the windward slopes cause a down 
draft of cold air which opposes the rising warm air, thereby hindering 
the persistence of the shower with the tendency to develop only fair 
weather cumulus. However, when the cumulus clouds and showers 
are blown over the mountains, the cold air rushes down the lee side 
unopposed and displaces upward the warm air in its path and main- 
tains cumulus clouds and showers. Normally in New Mexico and 
Arizona, the bases of these clouds are above the mountaintops and, 
when a shower cloud develops, it moves across the mountain with the 
prevaihng wind. 

c. High-wind velocities cause mixing and are detrimental to the 
formation of cumulus clouds and showers. 
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132. Plow over a mountain ridge. — a. With fairly high wind 
velocities, the flow pattern developed in mountainous regions acquires 
some imusual features. In some cases the wind may be quite helpful 
to the pilot and in others it may be a distinct hazard. 

6. The flow over a mountain ridge, more or less uniform in height, is 
fairly uniform as the air moves upward. Velocities near the base are 
somewhat cut down, but with an increase in altitude the wind picks up 
in strength until it may assimie quite high values over the top. This 
is especially true if the air is stable and is being forced over by a high 
pressure gradient. 

c. The air stream lines begin to rise 30 or more miles to the wind- 
ward of the ridge, the rate of ascent increasing as they approach the 



ridge. Hence, a 10,000-foot mountain range may cause clouds and 
precipitation up to 30 or more miles to its windward. 

d. The stream lines over the top of a moimtain ridge continue to 
rise until about a mile beyond the top of the ridge and roughly 2,000 
feet above it, with a 30-mile-per-hoiu' wind. As they come down the 
lee side, the flow becomes turbulent from ground levels to about half the 
height of the ridge and over an area extending several miles to the lee 
of the ridge. The general motion in the turbulent zone is roughly 
downward parallel to the surface of the ground, being more vertical 
the steeper the slope. Backset eddies may be formed. In strong 
winds, this flow is sufficient to cause some airplanes to sink when held 
at maximum climb. 

e. The rising currents to the windward of the mountain ridge are 
used advantageously by soaring pilots. They may also be used by 
heavier aircraft to accomplish a rapid gain of elevation. 

/. Clouds formed on the windward side are rapidly dissipated to 
the lee of the ridge due to the adiabatic heating of the foehn wind. 
When precipitation occurs and the clouds persist to the lee of the 




Figure 167 —Flow over a mountain ridge. 
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mountaintop, the ceiling will be higher on that side, the differential 
being directly proportional to the amount of precipitation. Clouds 
formed on successively parallel ridges will have their bases at succes- 
sively higher levels depending upon the amount of precipitation that 
occurs over each ridge. 

133. Flow through mountain passes and valleyB. — a. When 
air flows rapidly through a mountain pass, there is a turbulent zone 
near the ground on all sides of the pass. Bumps along the moimtain 
sides and the edges of the pass are particularly rough if these edges are 
not smooth. They always cause discomfort to passengers and may 
in extreme cases cause structm-al damage. The flow directly through 
the center of even a rather restricted pass contains little tiu'bulence 
and a flight may be made in this region without hazard. However, 
wind velocities may exceed 150 miles per hour and may considerably 
retard progress against the wind. A notable example of such flow 
occurs in the Cohunbia River gorge, a sea-level passage through the 
5,000-foot Cascade Mountains, where stable air from the Great Basin 
Highs is forced through the gorge. At Crown Point near the western 
end of the gorge, wind velocities in excess of 40 miles per hour have 
been recorded for days at a time, with maximum winds more than 120 
miles per hour. During such periods, wind velocities of 6 to 8 miles 
per hour have been reported at Portland, Oregon, 24 miles to the west. 
Airplanes flying at 145 miles per hour have been unable to get through 
the San Gorgonio Pass, to the east of March Field, due to strong 
head winds. 

6. At the edges of the Los Angeles Basin, strong winds through 
Cajon Pass are confined, deflected, and strengthened by eastern winds 
through San Gorgonio Pass to produce what is known locally as the 
Santa Ana.'' These strong winds strike the valley floor some 10 to 
15 miles to the southeast of Cajon Pass, pick up dust and continue 
on over San Pedro Harbor and Catalina Island. Wind velocities up 
to 50 miles per hour have been reported in the harbor while surround- 
ing winds in the basin were light. Some damage to fruit and shipping 
has resulted from this local wind. 

c. In the Hawaiian Islands, on the Island of Oahu, the trade winds 
strike against the almost vertical flanks of the Koolau Mountains, 
rise very rapidly, and produce almost daily cloudiness and showers. 
They descend more gradually down the valleys on the lee side of the 
range. The crest of this ridge is quite sharp and severe turbulence 
is usually encoimtered while crossing it. Due to the down draft and 
the upward slope of the valleys from the southern side, aircraft cross- 
ing this ridge against the wind must attain a safe altitude before at- 
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tempting to negotiate the pass or further forward flight may become 
impossible without enough room or altitude to turn aroimd. These 
principles may be appUed to any flight up a narrow valley with a 
fairly steep slope of the valley floor, which may appear relatively flat 
to the pilot. Many airplanes do not have an angle of climb steeper 
than the slope of an average hill. 

134. Flow up long gradual slopes. — a. As air moves up a long 
slope, its saturation level above the ground is continually being 
reduced. This leads to the very simple, yet most important, conclu- 
sion that as higher groimd is reached, reduction of ceiUngs and visi- 
bilities may be expected. The residt is that contact flying, especially 
in rough terrain with a gradual upslope, may become quite hazardous, 
particularly at night. It is often advisable to attain and maintain a 
safe altitude, by instruments if necessary, or seek a better route. 
The name "upslope fog'' has been given to such cases where the ceiling 
comes down to the groimd. 

b. The gradual slope in west Texas and the southern Rocky Moun- 
tain area lifts smnmer To air to the level where its instability may be 
released causing showers and thimderstorms. This type of activity 
also prevails along the Appalachian Mountains, particularly in summer. 

136. The Great Lakes. — These large bodies of water profoundly 
affect the weather in siurounding areas. In winter, they cause cold 
Pc masses to become unstable with resultant precipitation, icing con- 
ditions, fog, and low ceilings. In summer, they stabiUze warmer air 
and provide a moistiu*e source necessary for fog. When flying near 
the Great Lakes, consideration should be given as to whether the 
general flow is onshore or offshore. Onshore winds, particularly in 
winter, frequently cause hazardous flying weather. 

136. Ocean shore lines. — The oceans are the greatest source of 
moisture and onshore winds are frequently at or near satiu'ation. 
The most persistent and frequent fogs and low stratus are associated 
with onshore winds. Wind direction along shore lines and time of 
day should be continually kept in mind in relation to the existence 
or possibility of the formation of fog and low stratus. Fogs form most 
frequently at night. 
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187. General. — a. Climate is the summation and average of the 
daily weather. Climatic records have been obtained in the past by 
simmiing up and taking the average of temperature, wind direction 
and velocity, rain, maximum temperature, minimimi temperature, 
sunshine hours, and certain other factors. 

6. Newer methods of attack include the determination of weather 
as a result of the action of air masses and fronts over the specified 
r^on diuing a given forecast interval. Seasonal forecasting may be 
performed on the basis of knowledge of the physical processes 
involved. 

138. Detailed Methods. — a. Consider the various air masses that 
occupy a given area, together with the frontal activity that may occur. 

6. Classify the types of fronts as Pc-To, Pp-Tg, Pf-Pc, as well as 
whether these are cold fronts, warm fronts, or the proportion of each. 

c. Indicate whether the fronts are active or passive. 

d. Determine thunderstorm activity and whether it is in connec- 
tion with cold fronts, warm fronts, or air masses. 

e. Consider the effects of terrain. 

/. Determine the method of oscillation of the polar front as to both 
its seasonal and yearly variation. 
Example: 

Air mass: 



These data indicate that the station is a Uttle north of the mean 
position of the polar front. Refinements of this method give results 
showing what factors control the climate of a particular area. Hence 
a knowledge of the cause of climate will aid in climatic forecasting. 

139. Ocean effects. — Surface temperatures of the oceans adjacent 
to land masses control the physical properties of the maritime air 
that moves over the land. Since maritime air masses are involved 
in such a large portion of United States weather, it is essential that 
the forecaster familiarize himself with the surface temperatures of 
adjacent oceans. Ocean currents do not have fixed trajectories and 
even though the variations in ocean temperature over a given area 
are not usually large, the variations that do occur may have a great 
effect upon the properties of the air masses that pass over. It seems 
probable that accurate knowledge of ocean currents and existing 
ocean temperatures would aid greatly in seasonal and annual fore- 
casting. 

140. CUmate. — a. In the tropics. — Tropical regions are rarely vis- 
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ited by fronts as we know them in the middle latitudes. Wind 
direction is more or less constant. Forecasts of seasonal climate from 
averages may be reasonably accurate since usually only a single type 
of air mass is present. 

b. Along Pacific coast, — (1) The summers are very similar. The 
difference in the amount of fog is usually the only considerable change. 

(2) The winters vary considerably due to the various controlling 
factors. This region is frequently imder the influence of offshore 
currents from the Great Basin anticyclone and during such periods 
there is no rain and the weather is warm. The problem is to deter- 
mine the frequency of this type of air and forecast accordingly. Rain 
comes chiefly from Tp and Pp air. The amount of rain is a fxmction 
of the stability of these air masses and the number of fronts that cross 
the region in a given time. Pp air is the only type of air that will 
produce large amounts of snow on the mountains. Icing conditions 
frequently exist. Tp air occurs infrequently and irregularly. The 
stability of the Tp causes a more uniform and widespread distribution 
of rain when this air mass does arrive. Sometimes Pc air invades the 
region and these invasions account for the only severe cold spells. 
When ocean temperatures are less than usual, Tp air will be colder 
and more stable in the lower levels. When the ocean is warmer than 
usual, Tp air will be more unstable and produce more clouds and 
precipitation. 

In the Middle West. — (1) Summers are characterized by high 
temperatures, scattered showers, and thimderstorms. To air occu- 
pies the region most of the time, Pc and Pp air occurring chiefly in the 
northern portion. Ceilings are usually unlimited and visibilities more 
than 15 miles except where they are restricted by smoke dm-ing the 
night and early morning near cities. Early morning ground fogs 
occur frequently near the Great Lakes. The highest temperatures 
exist when Tc air enters from the southwest. Periods of a week or 
more with temperatures above 100^ are not unusual. 

(2) In winter, Pc air causes extreme cold and occasional snow flur- 
ries, especially south of the Great Lakes. Blizzards are caused by Tp, 
Pp, or Tg overrunning fast moving Pc. Pp air brings a cool respite 
from the cold Pc. Tg provides infrequent warm spells that are 
usually initiated and ended by widespread precipitation, low ceilings 
and visibilities. Winters vary considerably from year to year with 
the greatest variation occurring east of the Amarillo-Wichita-St. Louis- 
Detroit line. The polar front remains almost continually south of 
the area. Icing is f^ommon. 

d. In the Gulf States, — (1) In summer, the States bordering the Gulf 
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of Mexico are almost continually occupied by To air. Scattered 
showers and thunderstorms in the late afternoon with low stratus 
ceilings from 800 to 1,500 feet at night are the rule. Relative humidi- 
ties are high and day temperatures usually reach the high nineties in 
areas more than about 75 miles from the coast line. Occasionally Tc 
brings a hot spell to east Texas and Pc sometimes reaches as far south 
as the eastern Gulf States. 

(2) The polar front oscillates across this area in winter. It is there- 
fore a region of frontogenesis with extremely variable weather during 
the winter season. The deceleration of polar fronts, stationary fronts 
and the formation of Rpc, RPp and Tg warm fronts combine to 
produce widespread precipitation and fog areas. Ceilings and visi- 
bilities are extremely low during these periods. Thunderstorms along 
the fronts add to the aviation hazard. Icing situations are unusual 
although they do exist. 

e. Along the central and north Atlantic coast. — (1) The polar front 
moves back and forth across this region in sunmier. When it is to 
the north, Tg air occupies the area and when it is to the south, Pc 
or Pp air bring cooler, clearer weather. The change occurs almost 
weekly with attendant showers and thunderstorms. Cyclonic sys- 
tems off the coast sometimes bring in cool Pa air with attendant 
onshore fog and low stratus. 

(2) Pc is the chief air mass in winter. Temperatures are usually 
higher than in the Middle West because of the foehn effect from the 
Appalachian and New England Mountains. These mountains also 
protect the Coastal States from the snow flurries caused by the Great 
Lakes. Ceilings and visibilities in Pc far from frontal zones are 
usually ample for safe aircraft operation although the temperatures 
are low. The most severe weather occurs when cyclonic systems 
from the west or southwest cross the area. The intensity of these 
waves usually increases as they progress from the Gulf or Rocky 
Mountain area to well out in the Atlantic Ocean. Widespread pre- 
cipitation, clouds, fog, and low stratus areas occur. Wind velocities 
become unusually high. Ceilings and visibilities come down and 
icing conditions are frequent, especially in the mountains. Passes are 
closed and aircraft are allowed to operate only through the use of 
instrument flying. Tg air rarely appears at the surface unless asso- 
ciated with a frontal system. Pp air occasionally brings periods of 
clear weather with moderate temperatures. 
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LIST OF SUPPLEMENTARY TEXTS AND SUBJECTS 



OCAC Circular 105-5 (Circular 105-5) : 
Subjects: 

Weather service; construction of weather maps. 
Charts and diagrams. 
International symbols. 
Instructions for Airway Meteorological Service, Circular N, Aero- 
logical Division, Fourth Edition 1939 (Circular **N"): 
Subjects: 

Winds aloft. 

Explanation of symbol weather reports. 
Sample weather sequences. 
Air Corps Radio Facility Chart (ACRFC) : 
Subjects: 

Stations and station designators. 
Weather broadcast schedules. 
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Appendix 11 



ISOBARIC ANALYSIS 



1. Errors. — The purpose of isobaric analysis is to draw represent- 
ative isobars, or the isobars which would result if the barometric 
observations were perfect; if there were no local disturbances or local 
errors in reduction to the standard level (sea level) ; and if the observa- 
tions were strictly synchronous. The errors which occur in weather 
reports are personal errors of observations, errors of reduction to sea 
level, errors caused by the observation being made too early or too 
late, errors of coding, transmission, decoding, and plotting, and errors 
caused by the code itself. In drawing isobars one should try to render 
these errors ineffective. Regardless of the natiu^e of the errors in the 
reported pressure, the error in placing the isobars will be large when 
the pressure distribution is **flat" but small when the pressure gradient 
is ''steep." 

a. Personal errors^ or errors of accident, are difficult to detect when 
they are small. Such errors should not show any systematic arrange- 
ment on the chart, and the isobars should therefore be smoothed. 
Since simple isobars are much more probable than complicated isobars, 
one should always try to smooth the irregularities which do not show 
any systematic arrangement. If there is reason to suspect that the 
pressure report from a station is wrong, one should compare the pres- 
sure variation between the present and the preceding observation with 
the same variation for neighboring stations, and also see that the 
reported tendencies make it plausible that such a variation has taken 
place. Large errors can easily be detected in this way. This particu- 
larly applies to land stations. 

6. Errors oj reduction to sea level only affect stations whose altitude 
is considerable. The errors are large when the temperature distribu- 
tion is abnormal. In drawing isobars, one should place more weight 
on the reports from low stations than high stations. Accurate reports 
usually cannot be expected from stations whose altitude is over 
1,500 feet. 

c. Time errors, — If the observations are not made exactly at the 
standard hour of observation, there will be an error in the reported 
pressure referred to the standard hour of observation. If the baro- 
metric tendency is T and the error in time is t minutes, the error in 
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the reported barometric pressure is — Tlius, if < is 15 minutes, tlie 

1 oO 

error will be r/12. The error is therefore directly proportional to the 
barometric tendency, and it will usually be of importance only when 
the barometric tendency is large. There can be little doubt that time 
errors of 20 minutes occur frequently. The reported pressures would 
therefore often be inaccurate when the barometric tendency is 4 
millibars or more. In such cases there is no reason to believe that 
small irregularities in the pressure distribution are real unless they 
show some systematic arrangement. There is therefore, theoretically 
more reason for smoothing the isobars in areas where the tendencies 
are large than in areas where they are small. 

d. Errors oj coding and decoding depend on the nature of the code. 
In the International Code such errors should not occur, because the 
barometer is read and the observation written in tenths of milHbars 
and the tendencies are read and written in fifths. Errors of trans- 
mission may occur in the International Code; however, experience 
from Europe shows that such errors are rather rare. A special type 
of error occurs in the ship reports when an error occurs in the position 
of the ship. Errors of transmission or coding will usually be 1° or 
10^ longitude or 1^ or 10° latitude. Such errors can easily be detected 
by tracing the track of the ship. Plotting errors in the position of 
the ship are usually either 1° or 5° longitude or latitude. Such errors 
can be checked directly. 

2. Principles of drawing isobars. — In trying to neutralize the 
errors mentioned in paragraph 1, it is useful to bear in mind the 
following principles : 

a. In representing a large scale movement of the atmosphere, simple 
isobars are much more probable than complicated isobars. This principle 
does not result from any theoretical considerations; it is merely a fact 
of experience. It is true that the isobars of the turbulent air motion 
would possibly be very complicated, but in all air currents which are 
of such magnitude and duration that the Coriolis force has time to 
regulate the movement of the air, there is a decided tendency to 
simplify the isobars. This is most pronounced in stable and homo- 
geneous air; the stronger the air current the smoother the isobars. 
However, in flat pressure situations, especially in summer in an 
unstable mass, complicated isobars may occur as a phenomenon. In 
such cases one should always draw individual isobars for each milli- 
bar or isobars for every 0.5 millibar. If the isobars thus drawn 
show either a systematic arrangement of the irregularities, a definite 
center of low, or a definite trough, the irregularities should be regarded 
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as real. In warm summer situations, such pressure formations often 
favor the formation of thundershowers, and it is therefore very impor- 
tant to distinguish real ifregularities from those resulting from errors. 
Irregularities of this kind usually occur in stagnant areas where a 
front, notably a cold front, has dissolved or is dissolving. 

6. The isobars should have such direction and such mutual distance 
thai they approximately agree with the Buys-BaUot Law. Let V denote 
the magnitude of the geostrophic wind velocity, Ap the pressure 
difference between two isobars, A$ the distance between two isobars, 
Ap/As the pressure gradient, p density, o) angular velocity of the 
earth's rotation, and latitude. We may then write : 



Since the horizontal variation in p is very small, we may regard 
p 2<o sin as a constant for each latitude. The geostrophic wind is 
therefore directly proportional to Ap/As. This quantity is easily 
evaluated from the isobars. Drawing isobars for every 3 millibars, 
we see that V is inversely proportional to the distance between the 
isobars. 

If the wind were strictly geostrophic, the above equation would 
hold for the true wind. But usually the observed wind is influenced 
by friction along the sm^face of the earth, and the observed representa- 
tive wind velocity is therefore considerably smaller than the geostrophic 
wind. 

Statistical investigations show that the observed wind velocity is 
roughly 70 percent of the geostrophic at sea and 40 percent over land. 

The relation between wind and isobars is particularly useful over 
oceans where the problem is to draw the isobars by means of a few 
scattered ship reports. 

The direction of the geostrophic wind coincides with the isobars in 
such a way that the wind blows along the isobars with low pressure 
to its left. However, friction and acceleration cause the true wind 
to be deflected from the isobars toward lower pressure. The angle 
between the isobar and the wind direction is usually 20*^ to 30^. 

The relation between the direction and the force of the observed 
wind, and the direction of the isobars and the distance between 
neighboring isobars are one of the most valuable means for drawing 
correct isobars in regions where reports are scanty. It is therefore of 
utmost importance that the wind observations at such stations are 
representative. The practical methods of placing the isobars will be 
described later. 



V= 



Ap^ 



Asp2w sin <f> 
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c. The isobars in the vicinity affronts shovM be drawn in accordance 
with the formula for the velocity of the front. 
The formula for the velocity of a front is— 

et $1 

Or ex 




Figure 1 



The denominator is always positive and different from zero. From 
this it follows that there must be an angle in the isobars at the front. 
This angle is such that it is less than 180° when reckoned through low 
pressure. 
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Isobars in the vicinity of fronts should never be drawn as smooth 
^^■——=0 which is not possible. 



curves because then 

ex Bx 

Figure 1 shows some examples of types of isobars in the vicinity of 
fronts. Figure 1 (a) is wrong because there is no angle in the isobars 
at the front. Figure 1 (6) shows a case when the wind velocity is 
equal at both sides of the front. The distances between the isobars 
should then be the same in advance and in the rear of the front. 
Figure 1 (c) and {d) show cases with less wind in the rear of the front 
than in advance of it. Figure 1 (e) shows a case with moderate wind 
in advance and strong wind in the rear. Figures 1 (/), (gf), (A), and 
(i) show various cases of curved isobars. 

3. Qeostrophic wind scale. — In order to demonstrate more ac- 
curately the relation between wind and isobars, the construction and 
the uses of geostrophic wind scale are here described. 

The geostrophic wind is given by — 



V= 



Ap 



AspX2oj sin (f> 



In rational units Fis given in m/sec, p in centibars, As in meters, and 
p in ton/m^. 

The equation of condition gives p=pRT where 5=287. Choosing 
7^=300 absolute as a mean value for temperature, and 2^=100 centi- 
bars for pressure, we obtain: 

Table I— Latitude 45° chart scale Ij 10,000,000 



Lower limit of Beaufort No. 


Velocity 
mpe V 


Distance on 
earth in me- 
ters between 
isobars 0.3 
mb. apart A« 


Distance on 
chart in mil- 
limeters be- 
tween isobars 
3 mb. apart 


6-hour dis- 
placement in 
meters on 
earth A« 


6-hour dis- 
placement in 
millimeters 
on chart 


2 


1.79 


1,400,000 


140.0 


38,700 


3.9 


3 - 


3.58 


701,000 


70.1 


77,400 


7.7 


4 


5.81 


432,000 


43.2 


126,800 


12.6 


5 


8. 49 


296,000 


29.6 


183,000 


18.3 


6 - 


11.18 


224,200 


22.4 


241,800 


24.2 


7 


14.31 


175,200 


17.5 


308,500 


30.8 


8 


17.43 


144,000 


14.4 


376, 000 


37.6 


9 


21.01 


119,600 


11.9 


465,000 


46.5 


10 - 


24.59 


103, 100 


10.3 


531,000 


53.1 


11 


28.61 


87,600 


8.7 


620,000 


62.0 


12 


33.63 


74,900 


7.5 


724,000 


72.4 
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Tablb II— Latitude S0° chart tcale 1/10,000,000 



Lower limit of Beaufort No. 


Velocity 
mps V 


Distance on 
earth in me- 
ters between 
isobars 0.3 
mb. apart A« 


Distance on 
chart in mil- 
limeters be- 
tween isobars 
3 mb. apart 


6-hour dis- 
placement in 
meters on 
earth A# 


6-hour dis- 
placement in 
millimeters 

VtlX UlilU c 


2 


1,79 


1,082,000 


198.2 


38,700 


3.9 


3 


ass 


992,000 


99.2 


77,400 


7.7 


4... 


5.81 


612,500 


61.2 


125,800 


12.6 


5..-- 


8.49 


419,000 


41.9 


183,000 


18.3 


6 


11. 18 


318,000 


31.8 


241,800 


24.2 


7 


14. 81 


248,000 


24.8 


306,500 


30.8 


8 


17.43 


204,000 


20.4 


376,000 


37.6 


9..- 


21.01 


109,000 


16.9 


455,000 


45.5 


10 


24.59 


145,000 


14.5 


531,000 


53. 1 


ll..._ - 


28.61 


124,000 


12.4 


620,000 


62.0 


12 


33.53 


105,900 


10.6 


724,000 


72.4 



.3X3X287X6X60X60 .9X287X21600 355X10 « 



VX3.1416Xsin 30** 
.3X3X287X6X60X60 



TOC3.1416X.5 
.9X287X21600 



V 

251X10 < 



VX3.1416Xsin 45*» VX3.1416X707 
AS« VX60X60X6- VX216,000 

100 



^ 287X300 

When isobars are drawn for each 3 millibars, we substitute — 

p=S milUbar=0.3 centibar. 

Choosing As as xmknown, and substituting in the above formula for F, 
we obtain — 

_ .3X3X287X6X60X60 
VXtX sm <!> 

From this formula we compute a table of distances (As) between 
neighboring isobars which correspond to the various wind forces in 
the Beaufort Scale. The distances thus computed naturally must be 
transferred to the scale of the chart and the distances would vary 
with latitude in the proportion of 1/sin 4>. Table I gives the distances 
between neighboring 3 millibar isobars for latitude 45° and chart scale 
1/10,000,000. Table II gives the same for latitude 30°. In order to 
find the corresponding distances for latitude 60°, it suffices to subtract 
20 percent from the distances given for latitude 45°. In tables I and 
II are also given the distance the particle would travel in 6 hours if 
the wind velocity were equal to the geostrophic wind. It is con- 
venient to transfer the above figures to a scale as shown in figure 2 ® 
for latitude 45° and in figure 2 ® for latitude 30°. This scale can be 
used for various purposes. 

a. When the isobars are drawn, place the base line (fig. 2 ® or ®) 
on the isobar. If the neighboring isobar falls between the Nos. 8 and 9, 
the geostrophic wind would be 8 on the Beaufort Scale. The wind 
above the friction level (roughly 1,200 feet) would then be approxi- 
mately 8 on the Beaufort Scale. The representative wind at station 
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level would be less than the geostrophic value; over sea roughly 70 
percent and over land 40 percent of the geostrophic value. 

6. When a representative station reports barometer 1018.5 and wind 
velocity 6, the station would be situated halfway between the 1017 
and the 1020 isobars. The distance between these isobars would be 
70 percent of the distance between the base line and figure 6 on the 
scale when the station is an ocean station, but only 40 percent if it is 
a land station. 

If the barometer were observed 1019, the 1020 isobar would be 
close to the station and 1017 isobar farther away. Thus the geostro- 
phic wind scale can be used for spacing the isobars in the vicinity of 





Figure 2.— Geostrophic wind scale for chart. Scale 1/10,000,000 

reported stations. This spacing is of crucial significance over oceans 
where the analysis must be based on only a few scattered reports. 

The isobars thus drawn should have such a direction that the wind 
blows 20^ to 30^ inward toward lower pressure. 

c. If the distance between neighboring isobars corresponds to 8, 
then the distance that the particle would travel in 6 hours would be 
equal to the line through 8 and parallel to the base line, provided that 
the wind velocity is geostrophic. Since the wind above the friction 
layer is approximately geostrophic, the above scale can be used for 
exterpolating the movement of fronts and air masses. 

The rules for spacing isobars are based on the assumption that the 
wind velocity is representative. This is usually the case with the 
wind velocities at sea and also at well-exposed stations over flat 
country when the velocity itself is strong. Slight wind velocities are 
usually not so representative that the scale can be used with advantage. 
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Apart from the above principles, one should always try to obtain 
the most probable distribution of isobars by considering the previous 
charts and the neighboring pressure systems. The problem will 
often be to obtain an even and logical distribution of the isobars where 
there are no fronts, and to bring out typical frontal characteristics in 
the frontal zones. The way this is done is illustrated in the examples 
in paragraph 4. 



1009.5 




Figure 3.— Irregular isobars which should be smoothed because the irregularities do not show any system- 
atic arrangement. 

4. Examples of drawing isobars. — Figure 3 shows a case of 
irregular isobars where there is no systematic arrangement. The 
broken lines are drawn according to the reports, and the full lines are 
the isobars which logically result by smoothing out the irregularities. 
The justification for smoothing out the irregularities is that each 
irregularity seems to depend on one station only. 

Figure 4 shows a case of real irregularity. In drawing only every 
three millibar isobars, the irregularity is not apparent. In drawing 
isobars for every 0.5 millibar, we see that several stations agree 
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mutually. The irregularity should thus be regarded as real. Whether 
or not a front is associated with it should be decided by studying the 



1013 




1013.5 



1014.0 



Figure 4. — Showing irregular isobars in a flat area. The irregularities should (apart from minor deviations) 
be regarded as real ones because the stations agree mutually. In such cases, draw in between isobars. 

front characteristics and the air mass properties, and also by applying 
the principle of historical sequence of the conditions for frontogenesis. 




Figure 5.— Dashed isobars wrong. Full isobars are correct, showing location of front and explaining wind 

shift. 

In figure 4 the isobars are drawn as if no front were present. 

In figure 5 the broken lines are smoothed isobars and the full lines 
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isobars drawn according to pressure and wind observations with 
smoothing only for accidental irregularities. It is seen that along the 
line FF there is an irregularity in the isobars which is systematically 
arranged. This should not be smoothed. In fact, such an irregularity 
however slight is often an indication of a front. In such cases one 
should carefully examine the conditions along the line FF. 

Figure 6 shows an example of two ship reports with a warm front 
between the ships. The problem is to draw the most logical isobars. 
Use the wind velocity to space the isobars correctly in the vicinity 
of both stations. Allow the winds to blow slightly toward low 
pressure. Since the warm sector air is homogeneous, the isobars 



10O5 

100S 



/ 



1005 




1011 

1014 



1011.5/ 



1008 

WARM SECTOR ^ ^ 
1011 



1014 



Figure 6.— Showing extrapolation of isobars to determine location of a warm front by use of the geostrophic 

wind scale. 

should be drawn to intersect the warm sector isobars in such a way 
that the front (thi-ough the points of intersection) gets a logical 
trend without undue variations in direction. In this way it is fre- 
quently possible to locate the front with great accuracy. 

Figure 7 shows some instructive cases. In (a) to (rf) the conditions 
are exactly the same except that the pressure of the northernmost 
station increases by 2 imits for each successive figure. In (a) the 
front rims approximately from northwest to southeast and very 
close to the northernmost station. As the pressure at this station 
increases, the front must be drawn closer to the southern stations 
and the front runs more east-west. 

In {e) to (A) the pressure increases by 3 imits for each picture at 
the northernmost station. It is seen how the front should be located 
in each particular case. 

It is a rough rule to say the front should be drawn nearer the sta- 
tion which has the lowest pressiu-e. This rule is not infallible. The 
exact position of the front will depend also on the wind direction. 
The student is recommended to work through a nimiber of cases in 
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order to become familiar with the technique of locating fronts by- 
means of the isobars. Over oceans this method is often the only one 
applicable and it is therefore of very great importance. 

Isobars over a large area should be drawn in steps, beginning in the 
areas where the analysis is easiest. Figure 8 gives an example of how 
to proceed. 




Figure 7. 



We suppose that we know from a previous chart that a warm front 
is situated between the ships A and B. Use the geostrophic wind 
scale and space some isobars in the vincinity of A. Do the same 
around B, Since there obviously is a wedge of high pressure between 
B and Z>, one should not place too many isobars to the right of B 
because the pressure gradient might vary in this direction. To the 
left of B we may place quite a number of isobars because the isobars 
in the vicinity of A will check on the analysis. Next space in a few 
isobars around D and beware of the variation in pressure gradient 
between B and Z>. Since the velocity of C is slight, we should not 
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rely too much on the spacing obtained by the scale. The isobars 
thus drawn are shown as full lines in figure 8. Next try to combine 
the significant isobars in the various areas. The isobars thus obtained 
are shown as broken lines. 

If any further observations are available, the pressure distribution 
in the other areas should be extrapolated from the previous chart and 
the whole analysis should agree historically with the previous charts 
or the previous charts should be corrected to agree with the present 
chart. 




Figure 8. 



Only by logical spacing of the isobars and by experimenting with 
Various possible solutions and comparing with previous charts, taking 
into account the development which has taken place, will it be possible 
to obtain a satisfactory analysis. 

5. Drawing of isallobars. — The isallobars should be drawn in such 
a way that accidental errors and irregularities are smoothed and on 
the same principles as when drawing isobars. Only irregularities 
which show a systematic arrangement should be regarded as real. 

It follows from the formula for the velocity of a front (par. 2) that 

— must be different from zero at all fronts which are not sta- 
tionary, because otherwise the front velocity would be zero. Now, 

dP oP 

is the slope of the barogram in advance of the front and is 
the slope of the barogram in the rear of the front. 
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Figure 9 shows a barogram at three different stations, A, B, and C. 
We imagine that the stations Ay By and C are situated on a straight 
line perpendicular to the front shown in figure 10. The front is 
moving from A toward C; it appears from the barogram that the front 
passed the station A before 5 o'clock. The barometric tendency re- 
ported by A (that is, Bi) is approximately equal to the slope of the 
barogram at figure 7 (h). 




3456709 10 456769 456769 



Figure 9. 

The barometric tendency at B {B^ is negative, but the slope of the 
barogram at 7 {h) is positive. Since the front has passed the station 
B with this tendency interval, it is obvious that the tendency reported 
immediately behind the front is not representative of the slope of the 
barogram and can therefore not be used in the formula for the velocity 
of the front. 

Therefore, in advance of a front the barometric tendencies are repre- 




Fkjure 10. 



sentative, and the isallobars can be drawn according to the reported 
tendencies smoothed for accidental errors and irregularities. 

The tendencies within the zone through which the front has passed 
dimng the last 3 bom's are not representative. 

The tendencies in the rear of this zone are usually representative. 
The isallobars in this area may be extrapolated through the zone 
through which the front has passed during the last 3 hours. 
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Figure 11 shows the position of a front at 0800 and the approximate 
position of the front at 0500. Draw the isallobars in advance of the 
front until they intersect with the front. Draw next the isallobars to 
the left of the line 0600 and extrapolate the isallobars toward the front. 
In this way we may observe a fairly accurate picture of the isallobars 



in the vicinity of the front. The values for — which should be 

substituted in the formula for the front velocity should be taken from 
the carefully drawn isallobars and not from the observations of the 
individual stations. 

It is important to remember that the tendencies at stations where 
thunderstorms have occurred during the last 3 hours are not represent- 
ative due to the irregular variation of barometric pressure during 
the passage of a thunderstorm. 




/ 

0800 /6 

I / 



Figure 11. 
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Appendix III 



FORECASTS 



1. There are two types of forecasts issued by the Weather Bureau 
through the communication chaimels of the Civil Aeronautics Au- 
thority. Both forecasts are transmitted over the teletype every 6 
hours for an 8-hour period. Examples of the two types are — 

a. Airways forecdsts (terminal). — 1530-2330CS airways forecast 
4/2 AG BH JX NO MS termls brkn to sctd dmshg cldns 
bcmg sctd to clr cig unl xcpt 35hnd Iwr elds vsby 7 to 15 miles. 

CS SH termls ovc with ocnl rain first two hours bcmg ocnly brkn 
to sctd after 1800CS stop cig 7 to 15 hnd Iftng to 2 thsd or hir Savan- 
nah after 1900ES stop vsby 1 to 4 in rain othrw abv 6 

JX terml brkn to ovc with ocnl shwr or thdrstm imtil 1900 es cig 
15 hnd to 3 thsd Iwr elds othrw iml Iwrg to 6 to 12 hnd at times in 
shwrs stp vsby 1 to 4 in rain othrw abv 6 

MM terml sctd to brkn ocnly ovc with ocnl spkl or Igt shwr cig 2 to 
3 thsd in Iwr elds othrw iml stop vsby abv 6 Iwrg slightly in shwrs 

b. Airways regional forecast —iiOGW CSMM CSJA JXNA 
DBTM NOPS cold front Florence SC swwd to Gulf at 1230cs mvg 
abt 20mph sewd stp brkn to ovc with ocnl shwrs and thstms for abt 
125 miles se of front and 50 miles nw of front xcpt contd spklg or mist 
wm NC and sctd Igt shwrs sm FLA stp elsw over dist brkn to sctd 
bcmg clr to sctd Miss LA Ala wm Ga stp cig gmly 2 to 4 thsd Iwr elds 
Iwrg to 6 to 15 hnd in precip area xcpt ends ovr mtns stp vsby 1 to 4 
in rain xcpt ocnly less than 1 mile nm Fla othrw 7 to 15 miles end 

2. The following type forecasts are issued by Air Corps weather 
stations: 

a. Regional forecast. — Weather conditions over a geographical area 
or region during a given period of time. 

b. Terminal forecast. — Forecast conditions for a particular airport 
during a period from 24 to 36 hours. 

c. Route forecast. — Weather at geographical points along the route 
normally covering a 6-hour period. 
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d. Trip forecast. — The weather at various stations along a route 
that a pilot will encounter on a particular trip. 

3. Elements of a forecast are given in the following order: 

a. State of weather (overcast, broken, scattered, clear, or combina- 
tions thereof). 

6. Precipitation (by type). 

c. Ceiling (in thousands of feet if above 2,000 feet, in hundreds of 
feet if below 2,000 feet). 

d. Visibility (in miles and fractions thereof). 

e. Surface wind velocity (by direction and intensity). 

/. Upper air wind velocities (by direction and intensity). 
g. Best flying altitude (for route and trip forecasts only), that is, 
level of the most helping winds or least head winds. 

4. Examples of forecasts are given below: 

a. Regional synopsis, — 0700CS 9/4/38. Weak front along Tex- 
arkana, Dallas, Brady, Del Rio Une will produce broken to overcast 
cloudiness and scattered thxmderstorms along frontal zone. Weak 
cold front south of Houston, Pass Cavallo Laredo line will continue 
to produce thunderstorms with decreasing intensity dissipating during 
the night. 

6. Randolph Field terminal forecast —07 OOCS 7/1/38 to 2400CS 
7/2/38. Broken stratus clouds becoming stratocumulus by 0730CS. 
Broken clouds decreasing to scattered by 0830CS, decreasing during 
period 0830CS to 1300CS and increasing 1400CS to 1600CS. Cumulus 
clouds clearing after dark — low stratus clouds forming 0200CS Tues- 
day overcast 0230CS to 0830CS scattered 0830CS to 1900CS— 
becoming clear 1900CS for rem^ainder of period. 

Ceilings 1200 feet Ufting to 1800 feet 0700CS to 0830CS imhmited 
thereafter with base of cumulus at 5000 feet after 1400CS — ceilings 
lowering after 0230CS Tuesday in stratus clouds to 1000 feet lifting 
0730CS to 0830CS to 2000 feet and unlimited thereafter. 

Visibility 12 to 15 miles. 

Surface winds south to southeast 8 to 12 miles per hour increasing 
during the afternoon 12 to 18 miles per hour. Surface winds 2400CS 
to 0600CS decreasing to near 4 to 6 miles per hour increasing there- 
after 8 to 15 miles per hour. 

Winds aloft — below 8000 feet south to southeast 15 to 25 miles per 
hour — above 8000 feet west to northwest 10 to 20 miles per hour. 

c. Route forecasts.— 0700CS to 1300CS 7/1/38. 

Randolph to Dallas to Shreveport. Cold front lying along Tex- 
arkana Gainesville line at 0700CS moving to Shreveport Dallas Une 
by 1200CS. Broken clouds Randolph to Austin becoming scattered 
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by 0830CS — Scattered the remainder of the period. Scattered clouds 
Waco-Navasota during entire period — broken to overcast DaUas- 
Shreveport with thimderstorms developing by llOOCS. 

Ceilings 1200 feet Randolph to Austin Ufting to 1800 feet by 0830CS 
and imlimited thereafter. Ceiling unUmited Waco-Navasota during 
entire period. Ceiling Dallas-Shreveport 800 to 1200 feet along frontal 
zone and less than 800 feet in scattered thunderstorms, improving to 
1500 after passage of front. 

VisibiUty 12 to 15 miles, decreasing 3 to 6 miles in rain along frontal 
zone. 

Surface winds south to southeast 8 to 12 miles per hoiu* shifting at 
Dallas to northwest 12 to 18 miles per hour after 1200CS. 

Winds aloft below 8000, south to southeast 15 to 25 miles per horn- 
above 10,000 feet west to northwest 10 to 20 miles per hour. 

Best flying level, 6000 feet, net tail wind 15 miles per hom*. 

d. Trip forecast — For BT-9 from Randolph to Oklahoma City. 
Time of departure lOOOCS 10/16/38. 

(1) Randolph to Waco — high scattered clouds becoming broken in 
vicinity of Austin, 

Ceilings unUmited to 8000 feet in broken clouds. 
Visibilities — imlimited . 

Winds aloft — south to southeast 18 to 24 miles per hour. Best 
flying level, 4000 feet, net tail wind 15 miles per hour. 

(2) Waco to Hensley — high broken becoming high overcast. 
Light showers south of Hensley. 

UnUmited ceilings to 8000 feet with ceiling 4000 feet in showers. 
Visibility 15 miles becoming 5 miles in precipitation. 
Winds aloft — southeast 15 to 24 miles per hour. Best flying level, 
6000 feet, net tail wind 20 miles per hour. 

(3) Hensley Field to Ardmore — high overcast becoming low over- 
cast with lower broken. Cold front wiU be encountered between 
GainsviUe and Ardmore with violent thunderstorms. 

Ceilings 3000 to 8000 in vicmity of front, becoming 1000 to 1500 
after passage of front. 

Visibility — 5 miles decreasing to % mile in frontal zone, increasing 
to 2 miles after passage of front. 

Winds aloft — East below 4000 feet 12 to 15 miles per hour becoming 
southeast above 5000 feet 20 to 25 miles per hour. Severe turbulence 
in frontal zone. Best flying level, 8000 feet, net tail wind 10 miles 
per hoiu*. 

(4) Ardmore to Oklahoma City — ^low overcast becoming lower 
broken and lower scattered in vicinity of Oklahoma City. 
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Ceilings — ^lifting from 1000 feet to unlimited vicinity of Oklahoma 
City. 



Visibility — increasing from 2 miles to milimited. 

Winds aloft — ^northeast to north up to 5000 feet becoming north- 
east to east above 5000 feet. Velocities of from 15 to 20 miles per 
hour. 

Best flying level, 8000 feet, net head wind 10 miles per hom*. 
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Appendix IV 



SYNOPTIC WEATHER MAP 



(February 1 and 2, 1939) 



High pressure along the Atlantic seaboard in conjunction with the 
deep low center in Minnesota and the frontal trough of low pressure 
west of the Mississippi Valley is causing a flow of warm modified 
maritime polar air (mPw and mPw-^mTw) from the Gulf of Mexico 
to reach the Gulf coast as a warm air mass (mPw). Differences in 
trajectory with varying degrees of modification are causing weak 
warm fronts to form in the northward flow up the Mississippi Valley 
and is producing intermittent rain from the overnmning air. Warm 
air moving inland comes into contact with a surface now colder than 
the air, hence is a thermodynamically warm air mass. As it moves 
over the cooler surface, there is the tendency for advective fog and 
low stratus clouds to form; however, the wind velocities as reported 
in the coastal States are sufficient to cause turbulence resulting in 
stratiform clouds. 

North of the warm fronts the cold modified continental polar air 
(cPk), moves over ground previously snow-covered and is further 
stabilized in the lower layers. This, together with the precipitation 
intermittently falling through is tending to satm-ate the lower layei-s 
and to reduce ceilings and visibilities. Air overnmning the mP-cP 
front paralleling the Great Lakes is causing a region of continuous 
rain and snow in the vicinity of Lake Superior. 

The low-pressure center in Minnesota must move northeast from 
the area of greatest pressure rise to the area of greatest fall, as indi- 
cated by the tendencies aroimd the center. The steep pressure 
gradient around this low center is causing a rapid inflow southward 
of fresh cold continental polar air (cPk) which is moving over ground 
warmer than itself, hence is a thermodynamically cold air mass with 
respect to the surface. It is near saturation, due to the low temper- 
atures and the lift from convective tiu'bulence causes snow flurries 
in the Dakotas. 

Positive tendency differentials across the trailing cold front from 
Minnesota to Texas indicate a rapid movement of the front to the 
east. The relatively ''flat" tendency field in Texas indicates that the 
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southern portion of the front, Texarkana to the Rio Grande, will 
remain stationary for the next 12 hours. 

Orographical lift in the cold nearly saturated cPk air in the ele- 
vated areas of New Mexico and Arizona is causing snow areas which 
are reducing ceilings and visibilities in the southern Rocky Mountains. 

Warm modified maritime polar air (mPw) that has been warmed 
by a long trajectory over the central portion of the Pacific Ocean 
moves northeast over the slowly moving warm front on the Pacific 
coast and is producing a widespread rain area ahead of the front. 
This mPw air occupies the warm sector of a deep cyclone (985 mb.) 
centered about 300 miles south of Kodiak, Alaska. Fresh, cold 
maritime polar air (mPk) rapidly moves down (of the map) to the 
west and southwest of the center behind the mPw-mPk cold front 
(not shown). 

The air occupying the region west of the Continental Divide is 
warmed continental polar air (cPw) that has recently come out of 
Canada and has had a brief trajectory over the Pacific around pre- 
vious cyclonic centers in the northwest. The weak front paralleling 
the Rocky Mountains separates this air from fresh, cold continental 
polar air (cPk) east of the Divide. 

The main feature of the map is the rapidly occluding wave centered 
at the northwest edge of Lake Superior and the associated cyclonic 
system. The center will move northeast as shown by the warm sec- 
tor isobars and the strong isallobaric gradient. The warm fronts have 
moved to the northeast with overrunning, causing a large snow area 
in southern Ontario and intermittent rain south of Lake Huron. 
Warm maritime tropical air (mTw) is moving northward from the 
Gulf of Mexico and the instability within the air is indicated by show- 
ers in central Louisiana and Mississippi. The primary cold front of 
this system is moving rapidly and has already caused occlusion of the 
wave to the vicinity of Detroit. Its further eastward movement is 
indicated by the large positive tendency differentials across the front. 
This cold front has moved east about 300 miles in 12 hours in the 
Lakes region but has remained almost stationary in its southern por- 
tion and has maintained the waves along it in Texas. This well-de- 
fined front separates fresh cold continental polar air (cPk) behind it 
from warm modified maritime polar air (mPw) and warm tropical air 
(mTw) ahead of it. It is a typical squall line and flying within this 
frontal zone would be very hazardous. Along the retarded portion 
of this cold front, overrunning by mT air has produced a slender pre- 
cipitation area along and 150 miles behind it from Texas to Ken- 
tucky, with thunderstorms along and behind the front. The waves 
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in Texas will move to the northeast along the main cold front with 
attendant rain areas, low ceilings and visibilities, particularly in cP 
air. These waves will retard the eastward movement of this cP-mT 
front in the Southern States* 

Orographical lift in the cold nearly saturated cPk air in the ele- 
vated areas of west Texas, New Mexico, and Arizona is causing snow 
areas which are reducing ceilings and visibilities in the southern Rocky 
Mountains. 

cP air with a relatively thin but unstable layer near the ground is 
causing snow flurries in the North Central States and South Central 
Canada. 

The eastward movement of the High in the Atlantic has produced 
a line of frontogenesis along the east coast between modified mP air 
and modified cP air that is becoming mT air (cP+mP->mT). The 
overrunning is causing cloudiness and light intermittent rain in Vir- 
ginia, Maryland, Delaware, New Jersey, and southern New York. 
Thunderstorms will develop in the mT air over the Southeastern States 
due to the weak warm front lift and lift due to convergence of the 
conditionally imstable air. 

Extending from the low pressure center in the Pacific 200 miles 
northwest of Vancouver Island is a warm front type occlusion caused 
by the overrunning by mPk air of the colder cPk air banked against 
the mountains of the west coast. The accompanying general rain 
area now covers the coast from Sitka, Alaska, to northern California 
and is extending rapidly toward southern California. The large neg- 
ative tendencies at coastal stations show that the occlusion will soon 
move onshore. The fresh mPk air behind the cold front of this system 
is spotted with instability showers indicating a thermodynamically 
cold air mass, for the warm ocean surface sets off the conditional 
instability of the colder air. 
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Appendix V 
CONSTANTS AND EQUIVALENTS 

1. Standard values. — Standard air at sea level has a temperature 
of SO"" F. (15^ C.) and is at a barometric pressure of 29.92 in. (1,013 
mbs.) (760 mm.) of mercury. Its variation with altitude is shown in 
the pressure-altitude tables. 

Bar 1,000,000 dynes per sq. cm. 

2. Temperature scales. — The temperatures of melting ice and of 
boiling water, each at standard atmospheric pressure, are as follows: 

Freezing: 32° F., 0^ 273^ A. 
Boiling: 212*^ F., lOO*' C, 373*^ A. 

C° F°-32 
Hence, -5-=— g— 

or, C°=|(F°-32) 

or, F°=|c°+32 

3. Linear equivalents: 

1 meter=39.37 inches =3.280833 feet. 
1 foot= 0.3048006 meter. 
1 kilometer= 0.62137 mile= 1,000 meters. 
1 inile= 1.609347 kilometer. 

4. Velocity equivalents: 

1 meter per second =2.236932 miles per hour= 196.85 feet per 
minute. 

1 mile per hour =0.4470409 meter per second. 

5. Weight equivalents: 

1 avoirdupois poimd= 453.5924277 grams. 
1 kilogram =2. 204622 avoirdupois pounds. 
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6, Densities (grams per cubic den time ter): 

Mercury at 0^ C 13.5951 

Air, dry, at standard pressure and 0*^ C- 0.0012928. 

Weight of standard dry air 1.2930 kilograms/per 

cubic meter; 1.29152 
oimce per cubic foot. 

7. Pressure equivalents : 

1 mm. mercury, O"" C= 1.333224 millibars=:0.03937 inch of 
mercury. 

1 inch of mercury, 0° C=33.863953 millibars =25.4 mms. of 
mercury. 

1 miUibar= 0.02953 inch of mercury =0.75006 nun, of mercury. 
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GLOSSARY OF TERMS 



ABSOLUTE HUMIDITY— the mass of water vapor present in a 
unit volume of air or the density of the water vapor. 

ABSOLUTELY STABLE— a vertical distribution of temperature, 
such that whether the air be dry or saturated, particles will tend to 
remain in their original level. The lapse rate must be less than the 
saturation adiabat at the prevailing temperatures. 

ADIABAT — a curve along which a thermodynamic change takes 
place without the addition or subtraction of heat. In the case of 
the atmosphere, a "dry adiabat" is generally considered a tempera- 
ture-height or temperature-pressure curve along which a rising or 
sinking air particle will fall providing no saturation occurs and 
providing that no heat is given to or taken from the particle in its 
path. Similarly a "wet adiabat" (saturation adiabat, condensa- 
tion adiabat, or pseudo-adiabat) is a temperature height or tem- 
perature-pressure curve along which the saturated rising particle 



ADIABATIC CHART — a thermodynamic diagram in which tem- 
perature is plotted against pressure (generally on a logarithmic 
scale or pressure to the 0.288 power) and in which dry adiabats 
are constructed. The chief use of this chart is the evaluation of 
aerological soundings. 

ADIABATIC PROCESS — a thermodynamic process in which no 
heat is transferred from the working substance to the exterior or 
vice versa; a thermally insulated process. 

ADIABATIC RATE OF COOLING WITH ASCENT FOR DRY 
AIR — very nearly constant in the troposphere at 1*^ C. per 100 
meters. (See ADIABAT.) 

ADIABATIC RATE OF COOLING WITH ASCENT FOR SATU- 
RATED AIR — a rate which varies chiefly with the temperature 
and hence has no fixed value. 

ADVECTION — the process of transfer by horizontal air movements. 

AEROLOGY — The portion of meteorology concerning the free 
atmosphere. 

AIR MASS — an extensive body of air which approximates horizontal 
homogeneity. 

ALTIMETER — an instrument used to measure altitude by means of 
indicating changes of altitude that result in variations in atmos- 
pheric pressure. 



will fall. 
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ANEMOGRAPH — a recording wind velocity and direction instru- 
ment, 

ANEMOMETER — an instrument for measuring the velocity of the 
wind. 

ANEROID BAROMETER— an instrument showing atmospheric 
pressure by the movements of the elastic top of an exhausted 
metallic box. 

ANTICYCLONE — a region in which the barometric pressure is 

higher than the surrounding air. The wind moves clockwise about 

the center of an anticyclone. 
ARCTIC AIR — air that has its source region over the arctic (or 

antarctic) ice and snow-covered areas. 
ARCTIC SMOKE — a thin wispy fog that occurs chiefly when cold 

air moves over a much warmer surface. 
ASCENDANT — a vector giving the direction and amount of the most 

rapid rate of increase of a given function, as pressure. 
ATMOSPHERIC CIRCUIiATION— the general wind system of the 

earth. Also called the "general circulation." 
BACKING — a shifting of the wind in a counterclockwise direction. 

The opposite of VEERING. 
BAROGRAPH — a self-recording barometer. 

BAROMETER — an instrument for indicating atmospheric pressure. 
BLIZZARD — strong winds with accompanying cold and snow. 
BUMPINESS — a flying sensation usually caused by instability of the 
air. 

BUYS-BALLOTT'S LAW— the law which states that if an observer 
in the Northern Hemisphere stands with his back to the wind, lower 
pressure is on his left. 

CENTIGRADE — a temperature scale with 100° between the freezing 
and boiling points of water, the freezing point being at 0° and the 
boiling point at 100°. One Centigrade degree equals 9/5 of a Fahr- 
enheit degree. To convert from C. to F., multiply by 9/5 and add 



CHARACTERISTIC CURVE— the curve joining the significant 
points of an aerological sounding when plotted on the Rossby 
diagram. 

CLOUDBURST — a sudden downpoiu* of rain usually accompanied by 
a thunderstorm. 

COLD FRONT — the discontinuity in front of a wedge of cold air 
which is displacing warmer air in its path. 



CONDENSATION LEVEI^the level where the process of forma- 
tion of water or ice from water vapor begins. 



32. 
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CONDITIONAL INSTABILITY— a vertical distribution of temper- 
ature such that the layer is stable for dry air but unstable for satu- 
rated air. The lapse rate lies between the dry and the saturated 
adiabat. 

CONVECTION — the transport of heat by moving masses of air. 
CONVECTIVE CONDENSATION LEVEL— the condensation level 

in free convections (usually higher than the lifting condensation 

level). 

CONVECTIVE ICE CRYSTAL LEVEL— level at which ice crystals 
form in air being lifted by a free convection current. (This level 
is somewhat higher than the usual ice crystal level due to the fact 
that more heat is necessary for free convection.) 

CONVECTIVE INSTABILITY— a vertical distribution of tempera- 
ture and moisture such that lifting of the entire layer will eventually 
lead to instability with respect to dry air. In convective instabil- 
ity the equivalent-potential temperature decreases with elevation. 

CONVERGENCE — a state of air movement in which the air is mov- 
ing inward within a given region. The opposite of divergence. 

CURL — a vector function representing the degree of vortex motion 
about a point. Also used in this manual to represent the visible 
protruding portions of cumuliform clouds. 

CYCLONE — a system of winds circulating about a center of relatively 
low barometric pressure in a counterclockwise direction. It is 
frequently called a ''depression." Usually caused by a wave on a 
front. 

DEFORMATION AXIS— the line of outflow in a deformation field of 
motion. 

DEFORMATION FIELD OF MOTION— a field of moving particles 

that combine convergence and divergence. 
DENSITY — the mass of a substance per a unit of its volume. 
DEPEGRAM — a curve representing the behavior of the dew point 

with pressure changes for a given sounding drawn on the tephigram. 
DEPRESSION— synonym for ''cyclone.'' 

DEW — moisture condensed from the atmosphere in small drops upon 
plants and other bodies which radiate heat well. 

DEW POINT — the temperature to which the air must be cooled in 
order to become saturated. 

DISCONTINUITY — a zone of comparatively rapid transition of the 
meteorological elements. These discontinuities are not mathe- 
matically abrupt but are rapid transitions compared with the 
ordinary transitions in one and the same air mass. (Practically 
synonymous with FRONT.) 
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DIURNAL HEATING — heating that takes place daily in a certain 
cycle from day to day. 

DIVERGENCE — a state of the atmosphere when air is flowing out- 
ward from a given region. 

DOLDRUMS — those parts of the ocean near the Equator where calms 
prevail. 

DRIZZLE — precipitation consisting of numerous and very small 
drops. 

DRY AIR — air which is not saturated. 

DUST — pulverized earth carried aloft by the wind. 

EDDY — a whirl or backward circling current of water or air. 

EQUATORIAL AIR — air originating in equatorial regions. 

EQUIVALENT-POTENTIAL TEMPERATURE^the temperature 
a given air particle would have if it were brought adiabatically to 
the top of the atmosphere (that is, to zero pressure) so that along 
its route all the moisture were condensed (and precipitated), the 
latent heat of condensation being given to the air, and then the 
remaining dry sample of air compressed adiabatically to a pressure 
of 1,000 millibars. 

EQUIVALENT-POTENTIAL TEMPERATURE DIAGRAM— see 
ROSSBY DIAGRAM. 

EQUIVALENT TEMPERATURE— the temperature a particle of 
air would have if it were made to rise adiabatically to the top of the 
atmosphere (that is, to zero pressure) in such a manner that all 
the heat of condensation of the water vapor were added to the air 
and the sample of dry air were then brought back adiabatically 
to its original pressure. 

FAHRENHEIT — a temperature scale in which the freezing point of 
water is 32° and the boiling point is 212°. One degree Fahrenheit 
equals % of a degree Centigrade. To convert from Fahrenheit 
to Centrigrade, subtract 32 and multiply by %. 

FOEHN WIND — a dry wind blowing down the leeward slopes of 
mountains that is warmed by adiabatic heating. 

FORCED CONVECTION— the process by which heat is transposed 
from one locality to another by mechanical movement of the mass 
containing the heat. 

FRICTION LAYER — the lower layer of the atmosphere (usually 
1,500 to 3,000 feet thick) in which friction with the earth's surface 
affects the movement of air. (Synonymous with TURBULENT 
LAYER.) 

FRONT— the discontinuity between two juxtaposed currents of air 
possessing different densities. Most frequently, fronts represent 
the boundary between different air masses. 
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FRONTOGENESIS— the creation of fronts generally brought about 
through the horizontal convergence of air currents possessing 
widely different properties. 

FRONTOLYSIS — the destruction of fronts generally brought about 
by horizontal divergence at the discontinuity zone. 

FROST — crystals of ice deposited in the same manner as dew. 

GALE — a wind of force 8 on the Beaufort Scale. 



GLAZE — a deposit of clear, amorphous ice. (Synonymous with 
CLEAR ICE.) 



GRADIENT — a vector giving the direction and amount of the most 
rapid rate of decrease of a function, as temperature or pressure. 
The pressure gradient is the change of barometric pressure per unit 
of distance in the direction of the most rapid rate of decrease of 
pressure. The vertical temperature gradient is called the ''lapse 



GRADIENT WIND — the wind that blows along curved isobars with 
a velocity corresponding to the spacing of the isobars. The wind 
at 2,000 feet above the surface is often referred to as the gradient 
wind. 

GUST — a rushing or driving of the wind, sudden and of short duration. 
HAIL — frozen rain, falhng in pellets. 
HIGH — a high-pressure area, 

HORSE LATITUDES— ^regions of calm or light variable winds within 
the subtropical belts of high pressure. So called in Colonial times 
when vessels carrying horses from New England to the West Indies 
were sometimes obliged, when detained there, to throw overboard 
part of their cargo for want of water. 

HUMIDITY — the amount of water vapor in the air. 

HURRICANE — wind of force 12 on the Beaufort Scale. A tropical 
cyclone, especially one in the West Indies. 

HYGROGRAPH — a recording hygrometer. 

HYGROMETER — an instrument for measuring the hunudity or 

gygrometric state of the atmosphere. 
INSTABILITY — a vertical distribution of temperature such that the 

layer of air is unstable, if unsaturated, the lapse rate exceeds the dry 

adiabatic, and if saturated its lapse rate exceeds the saturation 

adiabatic. 

INSTABILITY SHOWERS^showers caused by steepening of the 
lapse rate in any way, such as the rapid warming of the lower layers 
of a cold current as it moves over a relatively warm surface. In 
most cases there is an appreciable addition of moisture to the lower 
layers, for example, when a polar continental current moves over a 
body of warm water. 



rate. 
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INVERSION — layer in which the temperature increases with increas- 
ing altitude instead of the normal decrease. 

ISALLOBAR — a line joinmg points of equal barometric tendency. 

ISALLOBARIC CHART— a chart with isallobars drawn on it. 

ISALLOBARIC GRADIENT— a vector representing the direction 
and magnitude of the most rapid rate of decrease of pressure 
tendency. 

ISOBAR — a line joining points of equal barometric pressure. 
ISOLINE — a line joining points of equal values (pressure, tempera- 
ture, etc.). 

ISOTHERM — a line joining points of equal temperature. 

LAPSE RATEI — the existing rate of change of an element, commonly 
temperature, with height in a given layer of the atmosphere. 

LEVEL OF FREE CONVECTION— the level at which air, clouds, 
or other meteorological phenomena rise by their own thermal Uft. 

LIGHTNING — a sudden flash of light caused by the discharge of 
electricity between two electrified regions of clouds or between a 
cloud and the earth. 

LINE SQUALL — sudden bursts of wind, often accompanied by rain 
or snow, occurring simultaneously along a line, usually a cold front. 

LOOP (OR BENT) BACK OCCLUSION— an occluded front which 
has bent back in the rear of the cyclone so that it appears in the 
meteorological field as another front behind the cold front. In 
most cases these occlusions are of the cold-front type; that is, the air 
behind is colder than that preceding them. 

IX) W — a low-pressure area, a cyclone, or a depression, usually caused 
by a wave on a front. 

MECHANICAL INSTABILITY— a lapse rate such that the air 
density increases with elevation; for this condition the lapse rate 
must be greater than 3.42° C. per 100 m, 

MECHANICAL LIFT — any lift imparted to an air mass by its or 
another's kinetic energy — not that due to thermal lift. 

METEOROGRAPH — an apparatus used in upper air soundings that 
automatically records temperature, humidity, and pressure. 

METEOROLOGY— the science of the atmosphere. 

MODIFICATION OF AIR MASS PROPERTIES— the change in 
values of the meteorological elements within an air mass due to 
such influences as radiation, turbulence, subsidence, convergence, 
etc. These modifying influences tend to destroy the original 
horizontal homogeneity of the air mass. 

MONSOON — Winds that consistently blow onshore during the sum- 
mer and offshore during the winter due to the temperature differ- 
ential between continental and maritime areas. 
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MIXING RATIO — the mass of water vapor per unit mass of perfectly 
dry (absence of water vapor) air. w=622e/(p-e) grams per kilo- 
gram. (See SYMBOLS.) 

NEGATIVE AREA — the area on a tephigram enclosed between the 
path of the rising particle and the surrounding air when the rising 
particle is at every stage in its ascent colder than the environment. 

NEPHOSCOPE — an instrument used in the observation of clouds to 
determine their direction, velocity, motion, and elevation. 

NEUTRAL EQUILIBRIUM— a vertical distribution of temperature 
such that a particle of air displaced from its level neither assists 
nor resists the displacement; that is, at every level the density of 
the displaced particle is equal to that of the surrounding air. 
In the case of dry air, the corresponding lapse rate is that of the 
dry adiabat; in the case of saturated air, the saturation adiabat. 

OCCLUDED FRONT OR OCCLUSION— the front formed when 
and where the cold front overtakes the warm front of a cyclone. 
This front marks the position of an upper trough of warm air, 
originally from the warm sector, which has been forced aloft by the 
action of the converging cold and warm fronts. Occlusions may be 
of the warm front type in which the air in advance of the front is 
colder than that behind, or of the cold front type, in which the air 
in advance is the warmer. "Occlusion'' is also the term used to 
denote the process whereby the warm air of the cyclone is forced 
from the surface to higher levels. 

OROGRAPHIC RAIN — rain caused by the lifting of air up the slopes 
of mountain ranges. 

PARTIAL POTENTIAL TEMPERATURE— the temperature a 
given air particle would have if it were reduced adiabatically 
from the pressure exerted solely by the dry air to a pressure of 
1,000 mb. 

ed=T 1000/(p~e) 0.288 (See SYMBOLS.) 

PENETRATIVE CONVECTION— small convective up currents 
locally penetrating an overlying more stable layer without gen- 
erally or greatly altering the existing atmospheric stratification. 

PILOT BALLOON— a small balloon filled with hydrogen that is 
released by an observer, who, by the use of a theodolite, is able to 
determine wind velocity and direction from the movement of the 
balloon. 

POISSON'S EQUATION— the relation between temperature and 
pressure in dry air which is undergoing adiabatic transformation. 
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POLAR AIR — air originating in the polar regions. 

POLAR FRONT — the frontal zone between air masses of polar and 

those of tropical origin. 
POSITIVE AREA — the area on a tephigram enclosed between the 

path of the rising particle and the surrounding air when the rising 

particle is at every stage in its ascent warmer than the environment. 
POTENTIAL TEMPERATURE— the temperature a given particle 

of air woxdd have if it were reduced adiabatically to a pressure of 

1,000 mb. 



PRECIPITATION — the deposition of moisture from the atmosphere 
upon the general surface of the earth. 

PSUEDO-ADIABATIC — the process wherein a saturated air par- 
ticle undergoes adiabatic transformations, the liquid water being 
assumed to fall out as it is condensed. 

RADIO METEOROGRAPH (RADIO-SONDE)— an instrument 
that automatically records temperature, humidity, and pressm-e as 
it is carried aloft by a hydrogen-filled balloon. It records by a 
system of breaks in radio code that is transmitted automatically. 
A parachute carries the instrument to earth after the balloon 
bm-sts. 

RAIN — water droplets that fall from clouds. 

RECTILINEAR — pertaining to, or consisting of, a right line or lines. 
RELATIVE HUMIDITY— the ratio of the actual vapor pressure and 
the maximum vapor pressure possible at the same temperature. 



REPRESENTATIVE OBSERVATIONS— those which give the true 
or typical conditions of the air mass ; hence they must be relatively 
uninfluenced by local conditions and taken from outside the transi- 
tion zones and fronts. 

ROSSBY DIAGRAM — a thermodynamic diagram making use of the 
highly conservative air mass properties; partial potential tempera- 
ture, equivalent-potential temperature, and mixing ratio. 

SANDSTORM — a high wind which carries dust or sand with it. 

SCUD — patches of low, rapidly drifting clouds. 

SECONDARY LOW — a low pressure area or wave that develops 
along one of the fronts associated with a primary or larger cyclone. 

SECONDARY FRONTS— fronts which develop at some distance 
from the principal fronts of the cyclone. These fronts are often the 
result of dynamic effects behind the cold front, or are merely loop 
back occlusions. 



e=r(i,ooo/py 



iO.288 



f=ele„, (See SYMBOLS.) 
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SHOWER — ^isolated precipitation falling from cumuliform clouds. 
SLEET— frozen rain. 

SLOPE OF A FRONT— the tangent of the angle formed by the dis- 
continuity surface and a horizontal plane. 

SNOW — precipitation in the form of minute ice crystals formed by 
sublimation of the water vapor in the air and usually falling in 
irregular masses or flakes. 

SOURCE REGION — an extensive area of the earth's surface char- 
acterized by sufficiently uniform surface conditions and which is so 
placed in respect to general circulation that masses of air may re- 
main over them sufficiently long to take on fairly definite properties. 

SPECIFIC HUMIDITY— the mass of water vapor in a unit mass of 
moist air. g=622 e/p grams per kilogram. 

SQUALL — ^a sudden burst of wind usually accompanied by rain or 
snow. 

SQUALL HEAD — the piled-up cold air at the cold front, sometimes 
taking the form of an overhanging tongue. 

STABILITY — a vertical distribution of temperature such that par- 
ticles will resist displacement from their level. In the case of dry 
air the lapse rate for stability will be less than the dry adiabat; in 
that of saturated air, less than the saturation adiabat. 

STORM — a wind of force 11 on the Beaufort Scale. There are also 
various types of storms such as thunderstorm, snowstorm, rain- 
storm, duststorm, and sandstorm. 

STRATIFICATION— a layering of the atmosphere so that each 
layer is characterized by a particular temperature distribution and 
moisture content. Instability tends to wipe out stratification as it 
brings about mixing. 

STRATOSPHERE — a layer of the atmosphere above the troposphere 
in which the air is stable with an isothermal lapse rate or a slight 
inversion. 

SUBSIDENCE — an extensive sinking process most frequently ob- 
served in polar anticyclones. The subsiding air is dynamically 
warmed and made more stable. 

SURFACE OF DISCONTINUITY— the sloping boundary zone 
between air masses of different properties. (See DISCONTI- 
NUITY.) 

SYMBOLS — used throughout the series and in the formulas given 
herein : 

e vapor pressure. 

/ relative humidity. 
G pressure gradient. 
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p 




P 


prTOoure, pit?{souit5 ui tiic ciij 1111, prrasure tiL a CGntGi, 




iroiiii, trougii, or wecige line. 


P J P 


pressure au a uniL lengtii aneau oi anu in rear respec- 




tively of a center, trough, wedge, or front. 


? 


specific hunudity. 


T 

J. 


temperature, uaiometnc tenueiicy. 


4 

I 


error in tune* 


W 


mixing ratio. 


A 


pressure difference between two isobars. 


A 


uistance oetween two isouars. 




potential temperature. 




equivalent-potential temperature. 




partial-potential temperature. 


<!> 


latitude. 


p 


density of the air. 


V 


geostropliic or gradient wind. 


z 


altitude. 



SYNOPTIC CHART — a weather map showing the weather condi- 
tions over a large area at a given time. 

TEPHIGRAM — a thermodynamic diagram for estimating the quan- 
tity of available convective energy in the overlying air column; also 
applied to the graph of an individual sounding plotted with co- 
ordinates temperature and estropy. 

THERMAL — pertaining to, determined by, or measured by heat. 

THERMOMETER — an instrument for measuring temperature. 

THERMOGRAPH— a recording thermometer. 

THUNDER — the sound that accompanies lightning, due to the dis- 
turbance of the air by the electrical discharge. 

TORNADO — a very violent storm of small extent, usually occurring 
along or ahead of a cold front, accompanied by rain or hail and 
usually thunderstorms, and having cyclonic rotation with a funnel- 
shaped cloud. 

TRADE WIND — a steady wind that blows from the subtropical high 
pressure belts to the region of lower pressure near the Equator, 
from the northeast in the Northern Hemisphere, and from the 
southeast in the Southern Hemisphere. 

TRANSITION ZONE— the zone at a discontinuity wherein the 
properties are neither characteristic of one air mass nor the other, but 
lie somewhere between the two. It is now customary to assume that 
all the air in the transitional zone belongs to the colder air mass, 
the air in warm sectors being considered more nearly homogeneous. 
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TRANSLATION — motion in which all points of the moving body 

have at any instant the same velocity and direction of motion. 
TROPICAL AIR — air originating in the low latitudes, chiefly in the 

regions of the subtropical anticyclone. 
TROPICAL CYCLONE — a cyclone of great intensity, usually round, 

originating in the Tropics, and usually having a diameter of about 

500 miles. (See HURRICANE.) 
TROPOPAUSE— the upper limit of the troposphere. 
TROPOSPHERE— the lower layer of the atmosphere in which there 

is normally a lapse rate of 6^ C./km. It is the convective portion of 

the atmosphere. 

TROUGH — an elongated area of relatively low pressure usually 
extending from a cyclonic center and continuing a front along the 
line of minimum pressure. 

UNSTABLE — a vertical distribution of temperature such that par- 
ticles of air, because of their lesser or greater density than the sur- 
rounding air, will rise or sink of their own accord once given an 
initial impetus up or down. In dry air, the unstable lapse rate is 
greater than the dry adiabat; in saturated air, greater than the 
saturation adiabat. 

V-SHAPED DEPRESSION— a trough containing a well-defined 
front, usually a cold front, with V-shaped isobars. 

VAPOR PRESSURE— the partial pressure of the air exerted solely by 
the water vapor molecules. 

VEERING — a more or less gradual clockwise change of wind direc- 
tion. The opposite of BACKING. 

VIRGA — trailer of rain or snow from clouds. 

VISIBILITY — the maximum distance at which ordinary objects may 
be identified. 

VORTEX — a portion of fluid whose particles have rotary motion. 
WARM FRONT — the discontinuity at the front of a warmer air mass 

which is displacing a retreating colder air mass, 
WARM SECTOR — the air enclosed between the cold and warm fronts 

of a cyclone. 
WATERSPOUT— a tornado cloud at sea. 

WAVE DISTURBANCE— a deformation produced along a front. 
These waves travel along the discontinuity surface producing new 
disturbances. 

WEDGE — an elongated area of relatively high pressure extending 

from an anticyclone. 
WIND — air in motion. 
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Dr. Sverre Petterssen, pp. 426-514, McGraw-Hill Book Co., Inc., 
1938. 
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McGraw-Hill Book Co., Inc., 1937. 

A. JORDANOFF, "Through the Overcast", Funk and Wagnall's 
Co., 1938, 356 pp. 
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"Bulletin", pp. 1-22, Oct., 1938. 

H. C. WILLETT, "American Air Mass Properties", Papers in Phy- 
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Woods Hole Oceanographic Inst., Vol. II, No. 2, 116 pp., 1933. 
(Out of print.) Abstr., "Journ. Aeronaut. Sci.", Apr., 1934. 
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Publ., Vol. I, No. 2, 8 pp., 1918, Kr. 1.50. Repr., Mo. Wea. Rev., 
Feb., 1919, pp. 90-99. 

J. BJERKNES & H. SOLBERG, "Meteorological Conditions for the 
Formation of Rain", Geofys. Publ., Vol. II, No. 3, 60 pp., 1921, Kr. 
6.00. 

J. BJERKNES & H. SOLBERG, "Life Cycle of Cyclones and the 
Polar Front Theory of Atmospheric Circulation", Geofys. Publ., 
Vol. Ill, No. 1, 18 pp., 1922, Kr. 2.00. Rev'd. in "Mo. Wea. 
Rev.", Sept., 1922, pp. 468-474. 

C. G. ROSSBY, "Thermodynamics Applied to Air Mass Analysis", 
Mass. Inst, of Tech., Meteorological Papers, Vol. I, No. 3, 41 pp., 
1932, $1.00. 

J. BJERKNES, "Practical Examples of Polar Front Analysis over 
the British Isles in 1915-1926", Geophysical Memoirs, No. 50, 
Meteorological Office, London. (Out of print.) Prelim, abstr., 
Met. Mag., Mar., 1926, pp. 32-33. 

J. NAMIAS, "Structure of a Wedge of Continental Polar Air De- 
termined from Aerological Observations", Mass. Inst, of Tech., 
Meteorological Course, Professional Notes, No. 6, 39 pp., 1934, 
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H. C. WILLETT, "Dynamic Meteorology", National Research Coun- 
cil, Bulletin 79, pp. 133-233, 1931, $3.00. 

C. G. ROSSBY & R. H. WEIGHTMAN, "Application of the Polar 
Front Theory to a Series of American Weather Maps", Monthly 
Weather Review, Vol. 54, pp. 485-496, 1936, 

H. R. BYERS, "Characteristic Weather Phenomena of California", 
Mass. Inst, of Tech. Meteorological Papers, Vol. I, No. 2, 54 pp., 
1931, $1.00. 

H. C. WILLETT, "Fog and Haze", , . ., Monthly Weather Review, 

Vol. 56, Nov., 1928, pp. 435-468. 
H. C. WILLETT, "Discussion and Illustration of Problems Suggested 

by the Analysis of Atmospheric Cross Sections", Papers in Phys, 

Oceanogr. and Met., Mass. Inst. Tech., Vol. 4, No. 2, 1935, 41 pp. 

$1.00. 

J. BJERKNES, "Investigations of Selected European Cyclones by 

Means of Serial Ascents", Geofysiske Publikasjoner, Vol. 11, No. 4, 

1935, 18 pp. Kr. 2. 
E. GOLD, "Fronts and Occlusions", Quart. Joum. Roy. Met. Soc., 

Vol. 61, Apr., 1935, pp. 107-158. A history and summary of the 

subject. 

D. BRUNT, "Physical and Dynamical Meteorology", pp. 16-17, 
190-195, 290-372, N. Y., 1935. $7.00. 

G. EMMONS, "Atmospheric Structure over the Southern United 
States", Dec. 30-31, 1927. "Determined with the Aid of Sounding 
Balloon Observations", Mass. Inst. Tech., Met. Course, Pro- 
fessional Notes, No. 9, 1935. 58 pp. $1.00. (Summ. in Bull. 
Am. Met. Soc., Aug.-Sept., 1936, pp. 268-271.) 

C. K. M. DOUGLAS, "Further Researches into the European Upper 
Air Data", Quart. Joum. Roy. Met. Soc, Vol. 50, 1924, pp. 339- 
363. 

, "The Physical Process of Cloud Formation", ibid., Vol. 60, 

1934, pp. 333-334. 
, "The Problem of Rainfall", ibid.. Vol. 60, 1934, pp. 143-152. 

H. R. BYERS, "The Air Masses of the North Pacific", Scripps Inst, 
of Oceanography Bulletin, Technical Series, Vol. 3, 1934, No. 14, 
pp. 311-354. $1.00. 

S. PETTERSSEN, "Kinematical and Dynamical Properties of the 
Field of Pressure With Applications to Forecasting", Geofysiske 
Publikasjoner, Vol. 10, No. 2, Kr. 9.00. 

I. P. KRICK, "Foehn Winds of Southern California", Gerlands 
Beitrage z. Geophysik, Vol. 39, 1933, pp. 399-407. 

H. C. WILLETT, "Synoptic Studies in Fog", Mass. Inst Tech. 
Met. Papers, Vol. 1, No. 1, 1932, 50 cents. 
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J. NAMIAS, "Subsidence Within the Atmosphere", Harvard Meteor- 
ological Studies, No. 2, 1934, Harvard Univ. Press, Cambridge, 
Mass., 85 cents. Abstr. BULLETIN, Jan., 1936, pp. 20-21; 
prelim, art.. Trans. Am. Geophys. Un., 1934, pp. 105-114. 

E. W. HEWSON, "The Application of Wet-bulb Potential Tempera- 
ture to Air Mass Analysis", I-IV, Quart. Joum. Roy. Met. Soc, 
July, 1936, pp. 387-420; Jan. 1937, pp. 7-30; July, 193.7, pp. 323- 
338, 431; July, 1938, pp. 407-422. 

H. WEXLER, "Analysis of a Warm-Front Type Occlusion", Monthly 
Weather Review, Vol. 63, July, 1935, pp. 213-221. 

F. W. REICHELDERFER, "Report on Norwegian Methods of 
Weather Analysis", Bur. of Aeronautics, Navy Dept., 1932 (cor- 
rections, 1935) mimeo., 45 pp. 

H. R. BYERS, "The Use of Free-Air Soundings in General Fore- 
casting", Monthly Weather Review, Oct., 1934, pp. 376-378. 

J. BJERKNES & C. L. GODSKE, "On the Theory of Cyclone For- 
mation at Extra-Tropical Fronts", Astrophysica Norvegia, Vol. 1, 
No. 6, 1936, pp. 200-235. 

S. PETTERSSEN, "On the Causes and the Forecasting of the Cali- 
fornia Fog", Joum. Aeronaut. Sci., Vol. 3, No. 9, July, 1936, pp. 
305-309. Reprinted, BULLETIN, Feb., 1938, pp. 49-55. 

H. WEXLER, "Cooling in the Lower Atmosphere and the Structure 
of Polar Continental Air", Mo. Wea. Review, Vol. 64, No. 4, 
Apr., 1936, pp. 122-135. 

REV. C. E. DEPPERMANN, S. J., "Outlines of Philippine Front- 
ology", Wea. Bur., Manila, 1936, 27 pp. 

T. BERGERON, "The Physics of Fronts" (English abstract of Pt.II 
of "Uber die dreidimensional Verkn. Wetteranalyse," 1928), 
planographed, the author, 1936 (full paper to appear later in 
Geophys. Publ.). Reprinted in BULLETIN, Sept., 1937, pp. 
265-275. 

E. J. MINSER, "Icing of Aircraft", Air Commerce Bulletin, Dec. 15, 
1934, and reprinted in BULLETIN, May, 1935, pp. 129-133. 

T. BERGERON, "On the Physics of Cloud and Precipitation", 
Proces Verbaux de la Seance de I'u. G. G. I. a lisbonne 1933, Paris, 
1935. 

C.-G. ROSvSBY & COLLABORATORS, "Aerological Evidence of 
Lai^e Scale Mixing in the Atmosphere", Transactions of the 
American Geophysical Union, 18th Annual Meeting, 1937, Pt. I, 
pp. 130-136. 

C.-G. ROSSBY & COLLABORATORS, "Isentropic Analysis", Bulle- 
tin of the American Meteorological Society, June-July, 1937, vol. 
18, pp. 201-209. 

213541"— 40 19 289 




Original from 
UNIVERSITY OF CALIFORNIA 



TM 1-230 



WEATHER MANUAL FOR PILOTS 



H. WEXLER, "Formation of Polar Anticyclones", Mon. Wea. Rev., 

June, 1937, pp. 229-236. 
H. R. BYERS, "On the Thermodynamic Interpretation of Isentropic 

Charts", Mon. Wea. Rev., Mar. 1938, pp. 68-70. 
W. R. STEVENS, "Relation of Pressure Changes to Cyclones and 

Fronts", Mon. Wea. Rev., Mar., 1938, pp. 68-70. 
B. C. HAYNES, "Upper-Wind Forecasting", Mon. Wea. Rev., Jan., 

1938, pp. 4-5. 

H. R. BYERS, "Synoptic and Aeronautical Meteorology", McGraw- 
Hill, N. Y., 1937, 279 pp., $3.76. Review in BULLETIN, June, 
1938. (Good general text.) 

E. J. MINSER & G. HATHAWAY, "Synoptic Analysis of Some Ex- 
cessive Rainfalls in the Mississippi Basin due to Squeezing of 
Tropical Air Between Anticyclones", BULLETIN, Jan., 1938, 
pp. 34-42. 

J. NAMIAS, "Thunderstorm Forecasting with the Aid of Isentropic 
Charts", BULLETIN, Jan., 1938, pp. 1-14. 

F. B. WOOD, "The Formation and Dissipation of Stratus Clouds 
Beneath Turbulence Inversions", Prof. Notes, Met. Course, Mass. 
Inst. Tech., No. 10, Dec, 1937, 27 pp., $0.75. Summary in 
BULLETIN, March, 1938, pp. 97-103. 

E. J. MINSER, "Studies of Synoptic Free-Air Conditions for Icing of 
Aircraft", BULLETIN, Mar., 1938, pp. 111-122. 

B. HOLZMAN, "Sjmoptic Determination and Forecasting Signifi- 
cance of Cold Fronts Aloft", Mon. Wea. Rev., Dec, 1936, pp. 400- 
413. Summary in BULLETIN, Jan., 1937, pp. 1-5. 

S. LICHTBLAU, "Upper-Air Cold Fronts in North America", Mon. 
Wea. Rev., Dec, 1937, pp. 43^6. 

J. J. GEORGE & W. M. BRADLEY, "A Semi-quantitative Method 
of Forecasting Summer Stratus in N. American Tropical Maritime 
Air", Mon. Wea. Rev., Feb., 1937, pp. 43^6. 

J. A. RILEY, "Aircraft Icing Zones on the Oakland-Cheyenne Air- 
way", Mon. Wea. Rev., Mar., 1937, pp. 104-108. 

J. BJERKNES & E. PALMEN, "Investigation of Selected European 
Cyclones by means of Serial Ascents, Case 4": Feb. 15-17, 1935, 
Geofys. Publ., Vol. XII, No. 2, 1937, 62 pp., Kr. 8:00. 

, "International Atlas of Clouds and of States of the Sky", 

Vol. No. 1 (General Atlas), Office National Meteorologique, Paris. 

I. P. KRICK, "Foehn Wind Cyclo-Genesis", Cahf. Inst, of Tech. 
(Reprinted from "Gerlands Beitrage Zur Geophysik", Vol. 42, pp. 
56-59, 1934, Akademische Verlagsgesellschaft m. b. N. in Leipzig.) 

I. P. KRICK, "Forecasting the Dissipation of Fog and Stratus 
Clouds", Joum. of the Aeronaut. Sci., July, 1937, pp. 366-371. 
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Office of the Chief of the Air Corps, U. S. A., "Training Guides 

Meteorology". 2 Vols. Kev. Ed. 1938, 267 pp. plus maps. 
B. HOLZMAN, "Sources of Moisture for Precipitation in the U. S.", 

U. S. Dept of Agric. Techn. Bull. No. 589, Oct., 1937. 
B. HOLZMAN, "Use of Aerological Soundings in Determining Sources 

of Moisture for Precipitation", Trans. Amer. Geophys. Un., 1937, 

Pt. II, pp. 488^90. 

B. HOLZMAN, "Detailed Characteristics of Siirface Fronts", 
BULLETIN, Apr.-May, 1937, pp. 155-159. 

1. 1. SCHELL, "Chromov's Rules for Forecasting Sjmoptic Situations", 

BULLETIN, 1935, pp. 21-22, 71-73, 108-110. 
H. ARAKAWA, "The Air Masses of Japan", BULLETIN, Dec, 1937, 

pp. 407-410. 

H. C. WILLETT, "The Importance of Observations from the Upper 

Atmosphere in Long-Range Weather Forecasting", BULLETIN, 

Sept., 1937, pp. 284-287. 
P. F. CLAPP, "The Causes and Forecasting of Fogs at Cheyenne, 

Wyo.", BULLETIN, Feb., 1938, pp. 66-73. 
R. G. STONE, "Fog in the United States and Adjacent Regions", 

Geog. Rev., Jan., 1936, pp. 110-136. 
H. G. HOUGHTON, "Problems Connected with the Condensation 

and Precipitation Processes in the Atmosphere", BULLETIN, 

April, 1938, pp. 152-159. 
E. SCOFIELD, "On the Origin of Tropical Cyclones", BULLETIN, 

June, 1938, pp. 225 if. 
E. M. VERNON, "The Diurnal Variation in Ceiling Height Beneath 

Stratus Clouds", Mon. Wea. Rev., Jan., 1936. 
U. S. WEATHER BUREAU, "Distribution of Weather Information 

by Radio", Radio Circ. No. 1, Rev. Jan., 1938, 54 pp. mimeo. 
U. S. WEATHER BUREAU, "Instructions for Airways Meteorolog- 
ical Service", Circ. N., Aerolog. Div., 3d Ed., 1935. 
U. S. WEATHER BUREAU, "The Preparation of Manuscript 

Maps", Circular, 6 pp., Apr., 1937. 

C. E. DEPPERMANN, "Are There Warm Sectors in Phihppine 
Typhoons?", Wea. Bur., Manila, 1937, 19 pp. 
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A. H. R. GOLDIE, "Characteristics of Rainfall Distribution in 

Homogeneous Air Currents and at Surfaces of Discontinuity ", 

Geophysical Memoirs No. 53, Met. Off., London, 1931, 19 pp. 
ls/6d. 

S. PETTERSSEN, "Practical Rules for Prognosticating the Move- 
ment and the Development of Pressure Centers", Proces Verbaux 
d. s. de L* Assoc. de Met., Pt. 2, Un. Geod et Geophys. Int., 5th 
Assemb., 1933, Lisbon. Paris, 1935, pp. 35-70. 

S. PETTERSSEN, "Contribution to the Theory of Frontogenesis", 
Geofys. Publ., Vol. XI, No. 6, 1936. Kr. 3:00. 

C. K. M. DOUGLAS, "Rainfall from Above 6,000 Feet, in Relation 
to Upper Winds and Fronts", Quart. Joum. Roy. Met. Soc, April, 
1936, pp. 207-218. 

C. K. M. DOUGLAS, "Fronts and Depressions", Meteorological 
Mag., Mar., 1936, pp. 34-39. 

D. BLAKE, "Mexican West Coast Cyclones", Mo. Wea. Rev., Dec., 
1935, pp. 344-347. 

A. K. SHOWALTER, "Frontal Movements Contrary to the Indi- 
cated Gradient Flow Produced by Minor Waves", Mo. Wea. Rev., 
June, 1938, pp. 165-174. 

M. E. CRAWFORD, "A Statistical Study of Summer Stratus over 
South Texas", Mo. Wea. Rev., May, 1938, pp. 131-133. 

A. A. LOTHMAN, "Fog Forecasting for Fire Control in Southern 
California", Mo. Wea. Rev., May, 1938, pp. 135-138. 

C. G. ROSSBY, "On the Role of Isentropic Mixing in the General 
Circulation of the Atmosphere", to appear in "Trans, of the 5th 
Int. Congress of Applied Mechanics," Cambridge, Mass., 1938. 

C. G. ROSSBY, J. NAMIAS & R. G. SIMMERS, "Fluid Mechanics 
Apphed to the Study of Atmospheric Circulations, Pt. I, a Study of 
Flow Patterns with the Aid of Isentropic Analysis", Mass. Inst. 
Tech. and Woods Hole Oceanogr. Inst., Papers in Physical Oceanogr. 
and Met., Vol. VII, 1938. 

A few foreign books and papers are listed below: 

S. P. CHROMOW, "Einfuhrung in die Wetteranalyse", Moscow, 
1934, the Central Office of the Hydro-meteorological Service. 
About 450 pages, all in Russian, of condensed compilation of 
practically everything of importance which has been written in 
synoptic meteorology, together with a rather exhaustive bibliography 
of such. (2d Ed., Rev. and Enl., 510 pp., Moscow, 1937.) 

T. BERGERON, "Uber die dreidimensional verknupfende Wet- 
teranalyse, Teil I", Geofysiske Publikasjoner, Vol. 5, No. 6, Oslo, 
1928, Kr. 14.00. Contains a complete bibliography of papers in 
synoptic meteorology written previous to 1928. 
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T. BERGERON & G. SWOBODA, "WeUen iind Wirbel an einer 
quasistationaxen Grenzflache uber Europa", Veroffentlichungen 
des Geophysikalischen Instituts der Universitat Leipzig, Bd. 3, 
Hf. 2, Leipzig, 1924, (Out of print.) Rev'd, in Mo. Wea. Rev., 
1936, pp. 468^59. 

G. SCHINZE, "Die Praktische Wetteranalyse", Aus dem Archiv der 
Deutschen Seewarte, Bd. 52, Nr. 1, 72 pp., Hamburg, 1932, RM. 
3.00. 

H. SOLBERG, "Schingungen und Wellenbewegungen in einer 
Atmosphare mit nach oben abnehmender Temperatur'', Astro- 
physica Norvegica, Vol., 2 no. 2, pp. 124-172, 1936. Kx. 3.25. 

H. EXTERNBRINK, "Ein Beitrag zum Wettergeschehen im Golf 
von Mexiko, im Karibischen Meer mid auf den Westindischen 
Inseln'', Met. Zeit., Oct., 1937, pp. 354-359; Nov., 1937, pp. 
313-317. 

R. MUGGE, "Wolken in Bewegung", Met. Zeit., March, 1937, pp. 
81-90. 

J. BJERKNES, "Theorie der aussentropischen Zyklonenbildung'\ 

Met. Zeit., Dec, 1937, pp. 462^66. 
V. BJERKNES, J. BJERKNES, H. SOLBERG, & T. BERGERON, 

"Hydrodynamique Physique'', 3 vols., Paris, 1934, Presses Univ. 

de France. Vol. Ill espec. 
A. REFSDAL, "Das Aerogramm, Ein neues Diagrammpapier fur 

Aerologische Berechnungen'', Met. Zeits., Vol, 52, No. 1, Jan., 

1935, pp. 1-5. "Aerologisches Diagrammpapier'', Geof. Publ. 

Vol, XI, No. 13, 1937, (Translated by OCAC, 1939.) 
S. PETTERSSEN," Kinematical and Dynamical Properties of the 

Field of Pressure with Application to Weather Forecasting", Oslo 

1933, Grondahl & Sons Boktrykkeri, pris Kj. 9.00. (An excellent 

paper.) 

Note.— The word "BULLETIN" in this bibliography refers to 
the "Bulletin American Meteorological Society." 
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